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The Quark Gluon Plasma (QGP), a hot and dense state of matter in which quarks are not
confined inside hadrons, is thought to be the same as the matter comprising the entire universe
approximately one microsecond after the Big Bang. In Au+Au collisions at /s, = 200 GeV at
the Relativistic Heavy Ion Collider (RHIC) and Pb+Pb collisions at /5, = 2.76 TeV at the Large
Hadron Collider (LHC), QGP has been discovered to have unique properties, such as its opacity to
color charges and the fact that it behaves like a near-perfect fluid. Collective behavior in the form
of a substantial elliptical azimuthal anisotropy (v2) in the momentum distribution of final state
particles has been observed, indicating a strongly-coupled, hydrodynamically flowing medium.

Recently, features of collectivity have been detected in high-multiplicity, small collision sys-
tems thought to be too small to produce the QGP, such as *He+Au and d+Au at VSnxn = 200
GeV, p+Pb at /s, = 5 TeV, and in p+p at /s = 13 TeV events. In order to constrain models
seeking to describe this phenomena, collision systems with distinct initial collision geometries were
run at RHIC: 3He+Au for triangular geometry, d+Au for elliptical geometry, and p+Au for circular
geometry. Together with coauthors, in a theory paper published in 2014, we proposed the suite of
measurements at RHIC of the three collision systems [I].

This thesis is the completion of that set of three measurements, by measuring vs in the p+Au
system. This thesis gives details on the analysis techniques used to make the measurement including
the quality assurance of the data, the optimization of the midrapidity charged hadron cuts, and
the event plane angle calibration. Special attention is given to correcting the systematic effects
produced by the beam alignment unique to the p+Au dataset in order to make the vo measurement

with sufficient precision. Comparisons of vy in the three collision systems and various theoretical
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models are made and the results appear to be consistent with a QGP being formed. I am a coauthor

on the experimental paper with these thesis results which has been published in Physical Review

C 2.
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Chapter 1

Physics Overview

Due to the nature of discussing the thesis measurement in detail, a substantial number of
acronyms and terms were used in this thesis. Although the acronyms and terms are defined in the
text, a list of them is located in Appendix B.

In order to give the proper context for the measurement shown in this thesis, an overview of
the physical theory relevant to the measurement is given in this chapter. We start with the SM
(Standard Model of particle physics), narrow the focus down to QCD (Quantum Chromodynamics),
and then narrow the focus even more to a specific state of matter governed by QCD known as the
QGP (Quark Gluon Plasma). Properties of the QGP are discussed including energy loss and elliptic
flow. A more comprehensive discussion on the topic of elliptic flow and small collision systems will

be presented in Chapter 2.

1.1 The Standard Model

The SM is the best understanding of the fundamental building blocks of reality and how
they interact. The SM as we know it today has evolved over many years, including the unification
of the electromagnetic and weak forces in the late 1960s [35]. The present day SM includes four
fundamental forces, listed in Table and the fundamental particles, listed in Figure

The SM has the capability of making quantifiable predictions which have been shown to be
in agreement with experimental measurements to high accuracy. The SM has endured decades of

meticulous experimental testing without the need for major revisions, a notable exception being
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Table 1.1: All four of the fundamental forces and the effective strengths of each relative to gravity.
Gravity is not covered by the SM but is included for completeness.

Force Current Theory Relative Strength Range [m] Force Carriers
strong Quantum Chromodynamics (QCD) 1041 1071 gluon (g)
electromagnetic ~ Quantum Electrodynamics (QED) 1038 00 photon ()
weak Electroweak 10%° 10718 Z0wW+/-
gravity General Relativity 1 o0 graviton (hypothetical)
st nd rd electro-weak
generation symmetry breaking outside of
everyday matter exofic matter force particles (mass giving)  standard model
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Figure 1.1: The fundamental particles of the SM arranged to highlight flavor (horizontal) and
charge (vertical) patterns among the particles for the first three columns. The five particles on the
right are the force carriers. All of these are thought to be the smallest discrete pieces of matter
which make up everything else in the universe [5].

neutrino oscillations. The mathematical framework underpinning the SM is formally known as QFT
(Quantum Field Theory), which combines the continuous nature of field physics with the discrete
nature of quantum physics. The fundamental symmetries of the SM are given by the combination
of the SU(3) x SU(2) x U(1) groups as defined in group theory. Each symmetry group represents
the symmetry of each of the fundamental forces, in the SM such that SU(3), SU(2), and U(1)
represent the strong, weak, and electromagnetic forces respectively. As shown in Table [L.1], each of

the fundamental forces has a quantized theory associated with it. The electromagnetic and weak



forces combine into a single theory at high-energy, known as the Electroweak Theory. No similar
theory that has been experimentally verified has combined strong and electroweak as of the writing
of this thesis.

Any given interaction described by the SM starts with an initial set of particles, a series
of interactions between those particles (which is represented by an exchange of virtual particles),
and then a set of final state output particles. Experimentally, the only information available to
the experimenter is the set of input particles and output particles. The in-between step of the
interaction of the particles is where QFT is used. Theoretical physicists use QFT to calculate the
probabilities of each possible interaction diagram given a set of input particles or a set of output
particles or both. To complicate things, there are infinite possible interaction diagrams for any
given set of inputs and outputs; however, there are always leading diagrams which have the highest
probability of occurring. Generally the simpler the interaction diagram, the higher the probability.

In order to make predictions about physical systems dominated by the strong force, like the

heavy ion collision systems studied in this thesis, we turn to QCD.

1.1.1 Quantum Chromodynamics

Of the fundamental particles which make up the SM, the only ones which interact through
the strong force are quarks and gluons. These particles have a unique quantum number named
color charge, which can be one of three values, referred to as red (r), green (g), and blue (b), in an
analogy to the three colors commonly used to form the basis of light in the visible spectrum. Like
the electric charge in QED, each color has a negative value referred to as anti-red (T), anti-green (g),
and anti-blue(b), making six possible states for the quantum number in total. Gluons have two color
charge quantum numbers, one charge and one anti-charge. This fact means gluons interact with
themselves, which produces two important effects in QCD: confinement and asymptotic freedom.

In QED, electromagnetic fields decrease with distance away from a point charge. This func-

tional form allows electromagnetically bound states to separate. However in QCD, the self interac-

tion of the gluon means that as two quarks separate, the energy between them grows proportionally



to the distance between them. As a quark-antiquark (qq) pair separates, each quark in the pair
has so much potential energy that quarks are pulled from the vacuum to bind to each quark to
form two new pairs. The outcome of this effect is that solitary quarks can never be observed in a
vacuum, by the time we try to observe them they will have found another particle in the vacuum
with which to bind. This means that quarks are confined to zero color charge (or color neutral)
bound states. Color neutral bound states are defined as a color and anti-color state (ex. 1T, gg,
bb), known as mesons, or a tricolor state (ex. rgh or Tgb), known as baryons. The list of the two
or three quarks that make up the color neutral bound state are known as valence quarks. Valence
quarks determine the quantum number for the hadron, in contrast to sea quarks, which are qq
pairs made from gluon annihilation. Quarks and gluons found in hadrons are known as partons,
and partons carry a fraction of the hadron’s total momentum x. Partons can have any momentum
fraction of the total momentum, but it is most probable that valence quarks have, on average, a
large fraction of the total momentum whereas gluons and sea quarks are more likely to have a much
smaller momentum fraction. Figure shows the measured parton distribution functions in the
proton, illustrating the difference of the average x for valence quarks in contrast to sea quarks.

Color neutrality can arise from other combinations of quarks; from combinations of quarks and
gluons; or even arrangements of gluons with no valence quarks. The first mentioned combinations
are theoretical color neutral states of four or more quarks, of which tetra and penta quarks have
been observed [36]. The second and third mentioned combinations are known as exotic mesons or
glueballs and there are experiments searching for their signatures.

Another related effect of the self-interaction of the gluon is known as the screening of bare
color charges. Once again it is helpful to consider the familiar effects in QED. In QED, electrically
charged pairs from the vacuum screen out the bare electric charge, causing the effective charge to
decrease. This effect increases as the distance to the electric charge increases because there is a
larger quantity of electrically charged pairs between the observer and the charge. Back to QCD,
qq pairs produce the same effect, providing a screening effect on the bare color charge, however

short-lived the bare color charges are. Further complications arise when the color-carrying gluon
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Figure 1.2: Parton distribution functions (PDF') of the momentum fraction x in the proton extracted
from data taken by the H1 Collaboration. The curves xS, zg, zu,, and zd, correspond to PDFs
of sea quarks, gluons, up valence quarks, and down valence quarks in the proton. The gluon g and
sea S distributions are scaled by a factor 0.01. The uncertainties include experimental (inner) and
model (middle) uncertainties and the parametrization variations (outer) [6].

in turn creates an anti-screening effect, which is the larger of the two effects. As one approaches a
solitary color charge, the density of gluons becomes so large that the strong force counter-intuitively
grows weaker. These screening effects alter the strong coupling constant known as «g; Figure (1.3
which depicts the a; as a function of energy scale, shows the reduction of a4 at large energies.
This behavior is known as asymptotic freedom because the smaller «y is, the more quarks can
move freely. Thus, there is an energy threshold such that the strong force is weak enough where
perturbative calculations are valid which are carried out to orders in ;. The ability to make
valid perturbative calculations for QCD is important for being able to make any in-depth QCD
calculations of complex systems. Apart from perturbative QCD calculations, lattice QCD is a non-
perturbative approach which is formulated on a lattice of space-time points. Although lattice QCD
calculations are computationally complex, physical phenomena such as quark confinement can be
treated numerically.

In addition to understanding the unique effects of QCD, understanding the phases of QCD

matter is important. Figure is a phase diagram for quark matter with temperature and net
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Figure 1.3: The strong coupling oy as a function of energy of the square root of the momentum
transfer @ [7].

baryonic density on the axes. The type of quark matter that makes up the elements of normal
matter is found in the figure under the heading of “Nuclear Matter,” which is the state of quarks
and gluons for complex, relatively stable bound states known as nuclei. The “hadronic phase”
indicates a state of quark matter where bound states of quarks form hadrons but those hadrons
behave like a weakly coupled gas. At very large baryonic density, the “color superconductivity”
phase is where the possible quantum states of quarks and gluons are so full that a neutron star is a
possible example of such a state of matter. Finally, under extreme conditions of temperature and
bayonic density, quarks may be deconfined and exist as solitary color charges in a plasma. This
phase of matter, known as the QGP, provides a medium where screening effects are dominant and
s becomes small enough to allow quarks and gluons to move with relative freedom. Although
the QGP has been observed by multiple experiments at RHIC (Relativistic Heavy Ion Collider)
and LHC (Large Hadron Collider) facilities, the critical temperature at which the phase of quark
matter is achieved is still unknown. One lattice QCD calculation estimates the temperature to be

at 160-180 MeV or 1.7-1.9x10'? kelvin, which is much hotter than the center of our sun [37].
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Figure 1.4: QCD phase diagram of temperature on the y-axis and net baryonic density on the
x-axis [§].

Lattice QCD calculations have been done to examine the relationship of the number of
massless degrees of freedom and the temperature of the medium, which provides insight to how the
QGP and the early universe transition into normal matter. Figure shows a curve of a quantity
inversely proportional to the number of massless degrees of freedom. As the temperature drops,
the less massive particles annihilate and disappear from the thermal universe, reducing the degrees
of freedom. The points on Figure [1.6] are the numerical results from a lattice QCD calculation of
the Equation of State (EoS). The y-axis for the points on this plot is the energy density divided by
the temperature to the fourth power =7 which has been shown to be inversely proportional to the
number of massless degrees of freedom [10]. It is noteworthy that the points increase around the

transition at ~190 MeV indicating the emergence of new degrees of freedom around the transition

temperature of the medium.

1.2 Quark Gluon Plasma

The QGP is a new state of matter created in laboratories and is thought to be the same
as the compromising the entire universe approximately one microsecond after the Big Bang [3§].

Thus, studying the QGP and its properties in the laboratory can help cosmologists understand the
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state of the early universe.

The idea of hot hadronic matter was developed in the early 1950s by various physicists

including Enrico Fermi [39]. This concept of applying statistical and hydrodynamical models to a

strongly interacting particle ensemble ultimately evolved into the theory of the QGP. Since then,



systematic studies of hot hadronic matter systems have produced a greater understanding of the
state of matter hypothesized to be the QGP and contributed to its approximate location on the
nuclear matter phase diagram in Figure Many unique properties about this new state of matter
have been discovered: for example, the QGP behaves like a nearly perfect fluid and is opaque to
color charges [40]. Enough research has been done to assemble a probable timeline of how the QGP

evolves.

1.2.1 The QGP Evolution Timeline

The timeline overview of the QGP as made in the laboratory always begins with a high-energy
collision (Au+Au for example), thus the QGP timeline is embedded in the laboratory timeline.
The beginning of the QGP starts with initial state observable particles and ends with final state
observable particles, although the final state particles may have been produced at different points
during the QGP evolution. Although only lasting ~ 10723 seconds or ~10 fm/c, several distinct
stages occur during this time period, and long after the evolution has ceased, the final state particles
are detected in the experiment one quadrillion QGP lifetimes or one nanosecond later.

At the moment when heavy ions collide relativistically (7 = 0), they are length contracted
down to flat disks in the lab frame, as seen in Figure [[.7] Then, the initial geometry resulting
from the shape of the collision overlap region and fluctuations within the nuclei are transformed
into the initial energy density of the medium (7 &~ 1 fm/c). At that moment, the hot hadronic
matter is thought to be made up of deconfined quarks and gluons. The system then evolves
hydrodynamically, expanding along the pressure gradients present in the initial energy density. At
a certain point during this expansion, the medium has cooled enough to form baryons and mesons
in a process called hadronization. It is important to note that the medium is still in thermal
equilibrium at this point although it is no longer a QGP but instead a hadron gas. Once the
medium has cooled down and expanded sufficiently, kinetic freeze-out occurs and the hadron gas
becomes a group of particles which have ceased interacting (7 ~ 10 fm/c). It is this group of final

state particles that can be detected much later. Although detectable particles escape the medium
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at all times, the vast majority of particles detected are decoupled at kinetic freeze-out.

Even though all of these phases are of interest to the study of QGP, of particular interest
to physicists is the thermal equilibrium phase when the QGP state is first achieved. It is during
this phase where quarks are deconfined, the only phase where this occurs. In this environment,
features of QCD can be studied, such as how color charges experience energy loss and to what
degree collective behavior is observed.

As referred to in Figure many types of particles are emitted during the QGP evolution,
some of which are emitted before the kinetic freeze-out time. The most common type of particle
produced from heavy ion collisions are baryons and mesons made of up, down, and strange quarks
(pions, kaons, and nucleons), which are in abundant supply during and after the collision. Another
particle produced from these collisions are photons. The QGP being an extremely hot ball of
matter, blackbody radiation in the form of thermal photons are emitted and their spectrum can be
used to estimate the temperature of the medium. These thermal photons escape the medium due
to their lack of interaction with the strong force. Heavy quarks are produced primarily from initial
hard parton-parton scatterings, “hard” meaning here that there is a large momentum transfer in
the collision. These heavy quarks, such as bottom or charm quarks, often fragment into a shower

of lower energy particles known as jets as they propagate through space.

1.2.2 Emergent Properties of the QGP

Now that the foundation of the QGP timeline has been established, properties of the medium
can be discussed in context. Up to this point, the label of QGP has been applied to the state of
matter produced from heavy ion collisions, but what evidence is there that this state of matter is
a strongly coupled medium made of deconfined quarks and gluons?

Taking into account that the field of high-energy heavy ion collision physics is still evolving,
several measured properties of this state of matter have come together to make the QGP the
prevailing explanation. Among the best observations indicating QGP formation are particle energy

loss and elliptic flow. The observation of hadrons at large pr measured at much lower yields than
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Figure 1.7: Relativistic heavy ion collision evolution timeline. Three distinct phases and their times
are shown as well as the particles produced [11].

expected imply that the hadrons are experiencing energy loss when interacting with a strongly
coupled medium. An elliptic symmetry in the angular distribution of final state particles when
viewed with respect to the beam axis has been observed. The translation of initial geometry into

long-range angular correlations indicates collectivity in a strongly coupled medium.

1.2.2.1 Particle Energy Loss

In order to study the new medium, it is useful to measure things about the QGP relative
to a more well known collision system such as p+p. By measuring the relative number of hadrons
produced at various transverse momentums in both p+p and heavy ion collisions, QGP medium
effects can be teased out.

After the quarks are produced in p+p collisions, they will hadronize and freely travel to the
experiment’s detector. In heavy ion collisions, the quarks propagate through, and interact with,
the QGP, exchanging energy and momentum with the medium along the way. The effect of energy

loss on these quarks will modify their yield relative to the yield in p+p collisions. The nuclear
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modification factor Raa is the observable used to quantify this modification, which is defined for a

given particle as:

dN A4 A/ dpr
Ncoll> X de—l—p/de’

Raa(pr) = < (1.1)

where dN 4 4 /dpr and dNp4p /dpr are the yields of a given particle vs py (transverse momentum)
in heavy ion collisions and p+p collisions, respectively, and (Neo) is the average number of binary
collisions for a given class of events. In summary, the Raa is a ratio for how many particles are
produced for the same system with a normalization factor of (N.o) to account for the differences
in system size. The (Nop) value is usually determined using Monte Carlo Glauber simulations and
will be discussed in more detail in Chapter 2. If the particles do not interact with the medium, the
Ra should be equal to 1.0. A value above 1.0 is interpreted as an enhancement of particles and a
value below 1.0 is interpreted as a suppression of particles.

Figure shows a significant suppression in the Ry vs pr of 7° mesons produced in Au+Au
collisions at /s = 200 GeV at RHIC for large and small sized QGP events, 0-10% centrality
and 80-92% centrality events, respectively (centrality will be discussed in Chapter 2). This large
suppression across all pp of the 70 for central events as compared to peripheral events indicate

energy loss of quarks due to the medium, which is consistent with a strongly coupled medium.
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Figure 1.8: The Ra4 vs pr of ™ mesons produced in Au+Au collisions at /s ~~n = 200 GeV by
PHENIX at RHIC for two different collision multiplicity classes [12].
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1.2.2.2 Collective Flow and Azimuthal Anisotropy

Another signal of a strongly coupled medium is collective behavior amongst the constituent
particles that make up the medium. By analyzing patterns in the spray of particles emitted from
heavy ion collisions, systematic effects can be determined. Nominally there should be no preference
in direction for final state particles from a heavy ion collision, the presence of such a preference
indicates correlations among the particles in the medium, which can be measured by looking at the
azimuthal anisotropy.

Consider the collision of two heavy nuclei as depicted in Figure The overlap region
between the two nuclei form an almond shaped region oriented to the plane of the initial collision
geometry. After the collision the two nuclei remnants (the blue shapes) no longer participate and the
yellow overlap region forms the QGP medium and starts to expand. This energy density distribution
gives rise to a larger pressure gradient in the shorter direction. The larger the pressure gradient,
the more momentum the particles will gain once the medium finishes evolving. This variation in
the momentum of final state particles produces effects in the azimuthal (relative to the collision
axis) distribution of particles. Therefore, by measuring the azimuthal anisotropy of the final state
particles, long-range angular correlation like those present in Figure |[1.9] can be measured. The
initial state collision geometry being transformed into final state momentum anisotropy indicates
collective behavior and elliptical flow of the particles.

In order to quantify the azimuthal anisotropy, the final state particle distribution is Fourier

transformed:

C(A¢) o 1+ Y 2cy cos(nAg) (1.2)

n=1

where C(A¢) is the correlation function defined by the distribution of the differences between
the azimuth of particles from the event relative to other particles in the same event, and /¢,
= v, are flow coeflicients. The flow coefficients v, are proportional to the degree of anisotropy
for each harmonic order n. A v, of 0 would indicate there is no azimuthal anisotropy. More

detailed information about the correlation function and other methods for quantifying the azimuthal
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Figure 1.9: A diagram of a heavy ion collision. The blue shapes are the two colliding nuclei and the
elliptical yellow shape is the collision overlap region which forms the medium. In the next instant
of time the two nuclei would travel farther along the collision axis (into and out of the page) and
the medium would expand along the direction of the arrows [13].

anisotropy are given in Chapter 2.

In addition to measuring the v, for various systems, a relativistic hydrodynamic calculation
can be compared to the data. Figure [I.10]shows v,, vs pr for both RHIC and LHC energy heavy ion
collisions for mid-peripheral events, such as those depicted in Figure[I.9] The very good agreement
with hydrodynamic calculations curves suggests a medium which flows.

All of the discussion and results shown in this section have been referring to large collision
systems such as Au+Au or Pb+Pb. Small collision systems such as p+A, d+Au, or p+p were
thought to be too small to produce a QGP, and thus were ideal as the control experiment to
measure background effects of cold nuclei which may obscure the true signal of the QGP. However,
recent results have shown that small collision systems show signs of QGP formation. Chapter 2
will delve into small collision system properties and measurements, as well as give a more in-depth

discussion in calculating initial conditions and flow coefficients.
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Figure 1.10: v, vs pr for RHIC Au+Au at /5, = 200 GeV and for LHC Pb+Pb at /5, =
2.76 TeV for mid-peripheral events for harmonic orders n up to five. The colored curves are the
hydrodynamic calculations. The 7/s is the viscosity parameter used in the calculations [14].



Chapter 2

Collectivity and Flow in QCD Systems

2.1 A Conceptual Understanding of Collectivity and Flow

The observation of collectivity in matter can be a powerful indicator of fundamental properties
in that matter. Collectivity means many discrete structures are interacting together to form a
whole otherwise known as highly correlated behavior. In high energy heavy ion physics, a common
interpretation of this behavior, although not the only interpretatiorﬂ , is of a locally equilibrated
medium with bulk properties instead of a group of individually weakly interacting constituent
particles. In this case, the medium is a QGP and the bulk properties are that of a hydrodynamically
described fluid: viscosity, density, temperature, etc. The term collectivity is often synonymous with
the term hydrodynamic flow or simply “fow.” In this thesis, the terms will be used synonymously
except in specific cases where the distinction is important.

It is important to note that although collectivity has a distinct signal, there are possible
sources that can produce such a signal that do not involve collective behavior. These sources are
called “non-flow” to differentiate them from sources of collectivity. When making measurements,
non-flow must be taken into account as either a systematic uncertainty or as a systematic error
correction. Sources of non-flow will be discussed more in Section .54l

To assist in the discussion of flow, we will briefly describe how it is measured. Generally,

flow can be observed in heavy ion collisions by looking for long-range angular correlations between

1 Although it is common to think of collectivity as hydrodynamic behavior, observations of collectivity do not
necessarily imply any specific interpretation. Later we will discuss some alternative interpretations such as glasma
correlations.
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the spray of final state particles that come out of the collision. Long-range angular correlations
in this case refers to correlations in particles with trajectories that have a large separation in
pseudorapidityﬂ 1. When looking for correlations, this separation in 7 ensures that we are measuring
something other than just local correlations, which are often due to non-flow.

Conceptually, the story of flow is that patterns in the initial conditions of the medium will
be carried through the medium evolution and be observable in the final state particles. Figure [2.1
demonstrates the key events in the story: initial state geometry becomes transformed into a final
state momentum anisotropy. The consideration of initial collision geometry will be a reoccurring
theme when interpreting results in this thesis because the initial state geometry is one of the few

independent variables over which we have experimental control.

Figure 2.1: A diagram demonstrating the initial state geometry being transformed into the fi-
nal state momentum anisotropy. The left depicts two spherical nuclei colliding parallel to the
z-axis. The pair of nuclei leave behind an ellipsoidal shaped medium. This ellipsoid hydrodynam-
ically evolves such that it expands along the steepest pressure gradient, which corresponds to the
transverse direction. The right depicts the elliptical pattern present in the transverse momentum
distribution of the final state particles after the medium has finished evolving [14].

2.1.1 Initial Conditions

Before proceeding to describing flow mathematically, it is useful to talk about the initial
conditions of heavy ion collisions. When talking about collisions (also known as events) of circularly
symmetric bodies, one of the most relevant parameters in characterizing collisions is known as the

impact parameter. The impact parameter is the distance between the center of mass of each collision

2 Pseudorapidity 7 is a commonly used variable in heavy ion physics which is related to the polar angle in spherical

coordinates: 1 = —In [tan (g)]
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body; the larger the impact parameter, the more peripheral the collision. For heavy ion collisions, it
is useful to consider peripheral collisions along with other types, as shown in Figure The degree
in which the colliding nuclei overlap is known as the “centrality.” A small value for centrality, for
example 0-10%, corresponds to more central collisions, while a large value for centrality, for example
60-100%, corresponds to more peripheral collisions. The method for quantifying the event centrality
is discussed in Chapter 3.

Impact Parameter

Central Mid-Central ~ Mid-Peripheral Peripheral

Figure 2.2: A diagram of the possible initial conditions of heavy ion collisions. The impact param-
eter is the red line. The language used in heavy ion physics is as follows: the larger the overlap
between the colliding nuclei, the more central it is, the smaller the overlap, the more peripheral it
is [15].

2.2 Mathematical Introduction to Measuring and Quantifying Flow

As discussed above, looking for long-range angular correlations is a way to measure flow.
Measuring the azimuthal anisotropy is a way to quantify the extent of long-range angular correlation
present in the medium evolution. Azimuthal anisotropy is the degree to which measured particles
are non-uniform in the transverse plane. There are a number of ways to measure the azimuthal

anisotropy. We will start by creating a correlation function.

2.2.1 Two-Particle Correlations

A correlation function is dependent on the difference in particles’ trajectories, rather than
the trajectories of the particles themselves. Let us consider the two-particle correlation function
which uses pairs of particles from a collision event in order to create a correlation function. For

each pair in an event, a A¢ = ¢1 — ¢2, and a Anp = 1, — 19, value is obtained which makes up the
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signal S(A¢, An) for a single event:

Nparticles_l Nparticles Npairs
S(Ag,Ap) = ) > sdi—dpmi—n) | = D s(Adw, Amp), (2.1)
j=1 i=j+1 k=1

where s(¢;—¢;,1m;—1;) = s(Ady, Any) is a single pair in an event, Nparticles is the number of particles
in an event, and Npairs is the number of combinatoric pairs in an event. This pair counting scheme
ensures that no pair will be double counted and that a particle cannot form a pair with itself.
Ideally, this S(A¢, An) would be the correlation function; however, there are artificial cor-
relations due to detector acceptance and other sources that distort this distribution. In order to
correct for these effects, a mixed event background distribution M (A¢, An) is created, whereby
pairs are produced by particles from two different events. The correlation function can be defined

as follows:

S(A¢, An) Noas
M(Dg, An) NSl

pairs

C(Ag,An) =

(2.2)

where the correlation function normalization scheme used here is the ratio of the number of mixed

Mixed
N, pairs

Signal
N, pairs

pairs to signal pairs in the event. Substantial variations in this C'(A¢, An) are
usually seen as long-range angular correlations, which can be attributed to collectivity.

In practice, correlation functions often combine particles from two different pr ranges. The
first pr range corresponds to the “trigger” particles and the second range to the “associated”
particles. In this scheme, the pair function is s(¢! — i nt — 17;‘) where the ¢ superscript indicates
trigger particles with a given pr range and the a superscript indicates associated particles with a
given pr range.

Two examples of 2-D two-particle correlation functions; one for p+p at /s = 7 TeV with no
multiplicity selection, and one for Pb+Pb at /5, = 2.76 TeV high multiplicity events are shown
in Figure [2.3] The trigger and associated py ranges are given in the figure caption. Plotting the

correlation function in terms of both A¢ and An allows one to see the full extent and location

of correlations for the collision system. These two correlations were selected to showcase the two
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extremes of typical correlation functions.

An important feature in the left plot is the large strength of correlations at (A¢, An) = (0,0),
which is known as the nearsidﬂ “Jet peak.” As mentioned in Chapter 1, jets are a spray of particles
in a cone shape; therefore, the jet peak is at (0,0) because all the particles within the jet have
a similar trajectory. The jet peak has been truncated in the figure. Another important feature
is what is known as the “awayside ridge” located at A¢ = 7 and extending very far in the Ap
variable. This feature arises when back-to-back dijets are produced; all of the particles from one of
the jets will be roughly 7 radians apart in trajectory with respect to the other jet and spread out
in An. Apart from these main features which come from jets and dijets, there are no other major
sources of correlations between particles for minimum bias p+p events, such that p+p events are
taken to be the representation of the non-flow background. Minor sources of additional non-flow
are in pure decays and Coulomb interactions. Thus, correlation function features present in regular
p+p events are taken to be present at some level in the correlation function of every heavy ion

collision system.

CMS MinBias, 1.nGeW|::<pT<3-DGeWc

3<pl <4GeVic Pb-Pb 2.76 TeV
T 0-10%

2<p2<25GeVic

1.1

1.05

R(An,A¢)

C(40, An)

Figure 2.3: The left plot is 2-D two-particle correlation function for p+p collisions at /s, =7
TeV for hadrons with the same trigger and associated pp range of 1.0 GeV/c < pr < 3.0 GeV /c for
all events measured by CMS[16]. The left plot is 2-D two-particle correlation function for Pb+Pb
collisions at /s, = 2.76 TeV 0-10% centrality events for trigger hadrons with 3 < P < 4 GeV/e
and associated hadrons with 2 < p}. < 2.5 GeV/c measured by ALICE [17].

3 For correlation functions, A¢ ~0 is known as “nearside” and A¢ ~ 7 is known as “awayside.”
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Conversely, the right panel of Figure depicts the correlation function of high multiplicity
Pb+Pb events, which exhibit characteristics of flow. While the non-flow features of the nearside
jet peak and the awayside peak are present, a new feature known as the “nearside ridge” is ap-
proximately located at (A¢, An) = (0,/An| > 1.0). This ridge exists in contrast to the lack of any
correlations in the p+p correlation function at that location. It should be noted that the awayside
jet ridge has also been modified. The nearside ridge and the awayside ridge modification are due to
particles with long-range angular correlations. Thus, by quantifying the magnitude of these effects,

the degree to which flow is present in the system can be measured.

2.2.2 Flow Harmonics

At this point, it useful to narrow our focus to the region of the correlation function which has
long-range angular correlations by taking a projection in A¢ = |p1 — ¢2| away from the jet peak at
An = 0. This 1-D two-particle correlation function slice contains the azimuthal anisotropy which
should correspond to the degree of flow present in the system. Figure [2.4] depicts this correlation
function C'(A¢) for central Pb+Pb events. In order to quantify the azimuthal anisotropy, C'(A¢)

is cosine Fourier expanded:

C(A¢) x 1+ Z 2¢y, cos(n[A¢]), (2.3)

n=1

where v,, are known as flow coefficients or flow harmonics and n is the harmonic order [41]. The
colored curves in Figure [2.4] are the first five components of the Fourier decomposition and their
amplitudes show their relative strength. The green curve, which peaks at A¢ = 0 and 7, corre-
sponds to the second order harmonic, which is related to the second order flow coefficient vy. The
reason v is singled out is because it corresponds to elliptic flow and because it is the observable

measured in this thesis. In order to extract vy from this, one must calculate ¢y defined as:

5" = (cos(2(¢' — ¢)), (2.4)

where () is defined as the average over all events and all particle pairs and where ¢! and ¢® are the

azimuthal angles of the trigger and associated particles, respectively. If the trigger and associated
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particles sets are the same then ,/co = vy; however, if the trigger and associated particle sets
are not the same then cg’azvé x v§, where v} is the vy for the set of trigger particles alone and
the same with v§. This ability to resolve c into the two distinct vy components is only true if
factorization [42] holds, which only occurs when the non-flow component of the measurement is

small. This coefficient vy directly characterizes the elliptic flow of the number of particles emitted

along the direction of the steepest pressure gradient in the initial ellipsoid shown in Figure 2.1

Pb-Pb 2.76 TeV, 0-2% central
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Figure 2.4: The 1-D correlation function in Pb+Pb at /s = 2.76 TeV for the most central events
for trigger hadrons with 2 < p%. < 2.5 GeV/c and associated hadrons with 1.5 GeV/c < ph. < 2
GeV/c. The 1-D two-particle correlation function is a projection in 0.8 < |An| < 1.8 from the 2-D
correlation function, the 2-D correlation function being similar to that of the right panel of Figure
The black dotted points are the values of the correlation function and the colored lines are
the first five cos Fourier decomposition components. The black dotted line is the sum of these five
components [17].

2.2.3 Cumulants

Although two-particle correlations are useful, four-particle correlations or more can be used to
better understand the flow measurement. In a multi-particle cumulant treatment, ¢, {k} measures
the nth harmonic from groups of k particles while explicitly subtracting correlations from < k

particles. In this formulation, two-particle cumulants are treated the same way as in two-particle
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correlation functions:

v2{2} = Ve {2} = V{cos[2(¢1 — 2)]), (2.5)

whereas four-particle cumulants are defined as:

va{d} = (—eo{d})* = (2 (cos[2(¢1 — $2)]))* — (cos[2(p1 + d2 — 3 — PV, (2.6)

where the term with four ¢ indices corresponds to the four-particle correlation and the term with two
¢ indices corresponds to the subtracted off two-particle correlation term. Multi-particle cumulants
are well defined for larger groupings of particles, v2{6}, v2{8}, and up. Comparing vy measured by
two and four-particle cumulants is useful when estimating the level of fluctuations present in the

system, something which will be discussed more in Section [2.4.3

2.2.4 Event Plane Formulation

Another mathematical treatment for determining flow coefficients involves measuring a math-
ematical object known as an “event plane.” This is what is used in this analysis. Conceptually, the
event plane method is an attempt to measure the participant plane angle, which defines the plane
to which the orientation of the initial state collision geometry is aligned. Figure [2.5]is a geometric
diagram defining the reaction plane angle Wpp.

The event plane method uses final state particles to calculate the event plane angle from the
data. A different event plane angle is defined for each harmonic, and is denoted as ¥,, where n is

the harmonic number. For an event with N particles, define the nth flow vector Cj” as follows:

N

Qp = (wicos(ng;)) (2.7)
=1
N

Qy = Z(wl sin(ng;)) (2.8)

i=1

Q= (w) (2.9)



25
z(®) y| Emitted E

Particle

Participants

\
N1
"u \ l Participant Plane
] .

X

Colliding Nuclei

Figure 2.5: Diagram showing from the point of view of the beam of several variables used to
characterize events. The spectators are the nucleons that do not participate in the collision, as
opposed to the participants that do participate in the collision. The impact parameter is denoted
as b and Wpp is the reaction or participant plane angle. ¢ is the standard azimuthal angle and ¢
= ¢ — Upp. Adapted from [I5].

where ¢ is the ith particle in the event, ¢; is the azimuthal angle of the particle, w; is the weight

factor, and n is the harmonic number. We define the nth order event plane as ¥,, = arctan (%) .

Once the event plane has been calculated, the flow harmonics (v,,) are defined as

 (feostn(o — W)
" Res(¥,) '

(2.10)

where (()) indicates that cos(n(¢ — ¥,,)) is averaged over all particles in the same event, and the
resulting v, must be averaged over many events [43].

The event plane resolution is calculated using the standard 3-sub event method [43]. The
strategy of this method is to measure V,, with three different detectors in the same event, in order

to better constrain the overall measurement of W,,. The event plane resolution is defined as

cos(n(¥A — WB))) (cos(n(¥A — UC
Res(h) — \/< ((\IJ"@OS\I(!Z(E?_ q(}g()in o)) 2.11)

where A,B, and C are three detectors measuring the same event. In this context, the term “sub-

event” refers to the specific subset of particles measured by a given detector [41].
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2.3 An Overview of Heavy Ion Collectivity Models

Throughout the discovery phase of the Quark Gluon Plasma and beyond into precision mea-
surements, simulations based on theoretical descriptions of heavy ion collisions have been developed
and have been successful in describing and predicting physics results. From the initial state of the
colliding nuclei to the final state particles produced, every phase of heavy ion collisions is modeled.
First the initial condition models will be discussed and then the medium evolution models will be
discussed. It is necessary when calculating observables like v,, to choose an initial state model and
a medium evolution model to chain together. The output of the initial state model will be the
input to the medium evolution model; therefore, even if the medium evolution model describes the
physics well, an initial state model that does not do so would cause the final v,, calculation to be

inconsistent with the data.

2.3.1 Initial Condition Models

Initial condition models use a variety of methods to simulate the colliding nuclei. These
models calculate quantities for characterizing initial collision conditions, such as the number of
participating nucleons (Nper¢), the impact parameter (b), and the eccentricity (e,,). The Npgp is
the total number of neutrons and protons from the nuclei that suffer at least one inelastic collision,
and is related to the size of the medium produced. The ¢, categorizes the nth order anisotropy in

the initial collision geometry which is given by:

V (r? cos(ng))? + (r?sin(ng))?

(r?)

en = (2.12)

where r is the radius of the participant nucleon, relative to the center of mass. This quantity is
important because v, x &, in the limit of ideal hydrodynamics [44].

A key part in simulating the initial conditions of heavy ion collisions is understanding event-
to-event quantum fluctuations. One crucial source of fluctuations is the fluctuations of the nuclear

wavefunctions where the distribution of nucleons within a nucleus fluctuations on an event-by-
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event basis. The fluctuations of the nuclear wavefunctions are taken into account in all initial
condition models. However, there are also fluctuations at the nucleon level such that the color charge
distributions vary in each nucleon and for each event. These sources of fluctuations, combined with
Lorentz contraction of the colliding nuclei, result in “lumpy” transverse distributions of color charge
in each event. There are sophisticated models using the simple constituent quark model with the
three color charge centers in the nucleon [32]. The degree of this event-by-event lumpiness is
determined on average by the nuclear saturation scale ()5, which corresponds to distances smaller
than the size of the nucleon. QCD predicts event-by-event fluctuations in the multiplicities and the

rapidities of gluon produced in the collisions [19].

2.3.1.1 Monte-Carlo Glauber

There are two main Glauber models: the so called “optical” Glauber model which assumes
a smooth density described by a Fermi distribution in the transverse direction with respect to the
collision axis; and the Monte Carlo-based Glauber model where individual nucleons are randomly
distributed on an event basis and collision properties are determined by averaging over multiple
events. The optical form of Glauber does not locate nucleons at specific spatial coordinates like the
Monte Carlo form of Glauber. One benefit of the Monte Carlo Glauber (MC-Glauber) approach
for quantities like Npqr¢ is its simplicity and ability to simultaneously simulate experimentally
observable quantities, such as the charged particle multiplicity distribution.

The MC-Glauber model calculation is performed in two steps [45]:

(1) the positions of the nucleon in each nucleus are randomly sampled from a probability

distribution, which is described below,

(2) the two nuclei are collided, with the assumption that the nucleons travel parallel to the
beam axis (known as the Eikonal approximation), where each nucleon is labeled as being

wounded (participating) or spectator.

The radial probability function, which is uniform in azimuthal and polar angles, is obtained
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from nuclear color charge densities measured in low-energy electron scattering experiments [40].
The nuclear color charge density is described a Fermi distribution:

1

o— = (2.13)
1+e a

p(r) =p

where py is the nucleon density, R is the radius of the nucleus, and a is the skin depth [45]. Equation
[2.13] is normalized to produce the probability distribution. The impact parameter is determined
randomly from a distribution dN/db o b up to some large maximum b =~ 2R.

The inelastic nucleon-nucleon cross section (o), which is a function of the collision energy,
is extracted from p+p collisions. At the RHIC energy of /s, = 200 GeV, o, = 42 mb, and at
the LHC energy of /s, = 2.76 TeV, o = 72 mb [I8]. The ball diameter is defined as:

D= /%N (2.14)
T

Two nucleons from the two nuclei are considered as collided if their separation in the transverse
plane is less than the ball diameter. An example Au+Au collision event is show in Figure [2.6
MC-Glauber combined with negative binomial distributions is used to match the charged particle
multiplicity distribution in order to map Ny4¢ to centrality classes. Details for this procedure are
given in Section [3.2.9]

As stated earlier, an important initial condition quantity in simulating flow is the e of the
event. MC-Glauber simply calculates the moments of the participants themselves for each event.

The eccentricity €2 can be calculated along the axis of the participant distribution es:

V(03 =032 +4(02,)?)

2 _ 42
(o O'y

€9 = (2.15)

2 2 . o, . . .« . . 2
where o3 and oy are the respective z and y positional variances for participating nucleons and o7,

is the covariance of x and y for participating nucleons.

2.3.1.2 IP-Glasma

Another initial state model is known as IP-Glasma which uses the Color Glass Condensate

(CGC) framework. CGC is a theory that describes high energy scattering in QCD as a many-
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Figure 2.6: Glauber Monte Carlo event (Au+Au /s, = 200 GeV with impact parameter b = 6
fm) viewed in the transverse plane and along the beam axis in the left and right panels, respectively.
The darker color disks correspond to the participating nucleons [I§].

body system of weakly coupled partons that is non-perturbative because of the large quantity of
partons [47]. This model calculates the initial conditions by incorporating the impact parameter
dependent saturation model (IP-Sat) and the Classical Yang-Mills (CYM) description of Glasma.
Glasma is formed when two sheets of CGC are collided at high energies. Calculating initial state
dynamics as Glasma is thought to be an ab initio approach, although some of the parameters of
the model are fixed by diffractive e4+p Deep Inelastic Scattering (DIS) data [19]. The IP-Glasma
computation starts by sampling the positions of the constituent nucleons from a Fermi distribution,
the same way MC-Glauber begins. Then the saturation scale Qi(p)(x, b) is obtained from IP-Sat
cross section for each nucleus, where b is the impact parameter relative to each participant nucleon’s
center. Once the saturation scale and the color charge density are obtained, random color charges
are sampled from a transverse lattice [19].

A benefit of the IP-Glasma model is that it explicitly includes multiple types of quantum
fluctuations, including fluctuations of color charges within the nucleons. It is useful to compare the

calculations of IP-Glasma to MC-Glauber in order to gain a greater understanding of both.
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2.3.1.3 Comparison between IP-Glasma and MC-Glauber

Figure depicts the energy density distributions calculated by the IP-Glasma and MC-
Glauber models. It is apparent from the “lumpiness” of both of these distributions that these
models capture the complex internal structure of the nuclei at the moment of collision. However,
the MC-Glauber distribution is much smoother than the IP-Glasma distribution due to the fact that
the IP-Glasma distribution incorporates fluctuations at a much finer length-scale, given by 1/Qs(x),
which creates the spikey structures in the energy distribution. Apart from the differences in the
length-scale of fluctuations between the models, MC-Glauber includes the energy distribution from
every participant nucleon in the collision event, no matter how glancing its individual collision is,
with the same parameters of width. Thus, the procedure of the MC-Glauber model for incorporating
participating nucleons is less sophisticated than a model like IP-Glasma. Note that for MC-Glauber,
the width of a nucleon’s energy density has been chosen to be 0.4 fm for all nucleons to match the
MC-Glauber model to the data, despite the fact there are no ab initio calculations that derive such

a number.

2.3.2 Medium Evolution Models

Once an energy density distribution is calculated from the initial condition models, it used
as the input to a medium evolution model. The most commonly used medium evolution model is

the relativistic hydrodynamic model.

2.3.2.1 Hydrodynamic Modeling

In the context of heavy ion collisions, relativistic hydrodynamics is a macroscopic model used
to simulate the evolution of a strongly coupled QGP medium. It is based on the foundational

physical principles of conservation of momentum, energy, and net charge current which are written
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a)

b)

Figure 2.7: Initial energy density distributions (arbitrary units) in the transverse plane in two
different heavy-ion collision events for IP-glasma (top) MC-Glauber (bottom) models [19].

as:

9, T" (z) = 0, (2.16)

8,N"(z) =0, (2.17)

where TH is the energy momentum tensor and N* is the net baryon charge current. Ideal hy-
drodynamics requires that the medium is locally equilibrated, such that we have the perfect fluid
energy momentum tensor as T = (e+p)utu” + pg"” where e is the relativistic rest energy density,
p is the fluid pressure, g is a space-time metric, and u* is the four-velocity of the fluid. Also, the
charge current becomes N* = ngu* where ng is the net baryon density. After asserting an equation
of state (EoS) p = p(no, e), the system is closed and the equations can be solved numerically.
Viscous hydrodynamics is similar to ideal hydrodynamics except that viscous hydrodynamics
applies to a wider variety of systems, such as imperfectly locally equilibrated systems. In order

to account for the lack of equilibrium, several new variables must be introduced: 7 is the sheer
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stress tensor, 11 is the bulk pressure, 7 is the shear viscosity, ( is the bulk viscosity, V* is the baryon
flow, and 7, and 7 are the corresponding relaxation times. At RHIC and LHC energies, the net
baryon density ng is nearly zero and v* is assumed to be zero. By choosing a proper EoS, an
initial flow velocity, and an initial entropy/energy density at time 7y, the medium evolution can be
simulated for time 7 > 79. Note that in order to simulate very early stages of the QGP formation,
modifications to this hydrodynamic formulation must account for pre-equilibrium conditions [48].
An example of a viscous hydrodynamic evolution is shown in Figure for a collision of 3He+Au.

In order to relate the hydrodynamic simulation with observable particles distributions, the
final state hadrons must be obtained. Purely hydrodynamic simulations emit hadrons directly from
a decoupling surface of the fluid. The momentum distributions of the hadrons are calculated using
the Cooper-Frye hadron cascade formula [49], which is followed by a resonance decay procedure to
produce final state hadrons. This decoupling or freeze-out surface where the particles no longer
interact can be defined by a constant temperature. The constant temperature of decoupling, Tye.
is generally set to 150-170 MeV, depending on the hydrodynamic inputs [50].

To numerically simplify the hydrodynamic calculations, an exclusively longitudinal trajectory
v, = z/t along the beam axis (known as the Bjorken approximation) is assumed. This approxima-
tion corresponds to an invariance in longitudinal boosts and reduces the (3 spatial + 1 temporal)
dimension hydrodynamics to (2 spatial +1 temporal) dimension hydrodynamics. This approxima-
tion has shown that taking into account longitudinal variance minimally affects the flow calculations

at mid-rapidity [48].

2.3.2.2 Hybrid Models: SONIC and superSONIC

Here we detail two specific hybrid models, noting that many viable hydrodynamic models
have been developed [8]. A hybrid model combines the hydrodynamic calculations of the expanding
QGP with a microscopic Boltzmann calculation of the medium. A Monte Carlo random sampler is
used to convert the hydrodynamic output into individual hadrons which are then propagated via

hadronic cascades.
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Figure 2.8: An example time evolution of a *He+Au event from the initial state to final state. The
color scale indicates the local temperature and the arrows are proportional to the velocity of the
fluid cell from which the arrow originates [I].

The “Super hybrid mOdel simulatioN for relativistic heavy-Ion Collisions” (SONIC) combines
pre-equilibrium dynamics with hydrodynamics [33] and a late-stage hadronic cascade [51]. In effect,
SONIC has a small number of parameters, specifically those parametrizing the properties of the
colliding nuclei, equation of states as input from lattice QCD, and shear and bulk viscosities in
the QGP. As discussed when describing initial conditions models, fluctuations play a large role in
determining the hydrodynamic flow. In order to study the effects of fluctuations in simulation,
SONIC is an event-by-event simulation that is created by inputing fluctuating initial conditions,
evolving each system separately, and then averaging the results.

SuperSONIC is the next generation of the SONIC model, differing from SONIC by incorporat-
ing pre-equilibrium dynamics with a calculation in the framework of the AdS/CFT correspondence

[52]. The SONIC and superSONIC models agree well with the data within uncertainties.

2.3.3 AMPT

A Multi-Phase Transport (AMPT) model combines partonic and hadronic scattering in a
single model. AMPT is the culmination of many models together. It is in an alternative to the
hydrodynamic approach of medium evolution by using partonic strings instead of fluid cells as the
building blocks of the model. The use of partonic strings preserves discrete particle information
throughout the simulation. Despite the fact that AMPT is not a hydrodynamic model, it still is

consistent with substantial flow coefficients, as will be shown in Chapter 5.
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AMPT consists of four main components: the initial conditions, partonic interactions, the
conversion from the partonic to the hadronic matter, and hadronic interactions. AMPT uses the
Heavy Ion Jet Interaction Generator (HIJING) for producing the initial conditions, Zhang’s Parton
Cascade (ZPC) for simulating the scatterings of partons , the Lund parton string fragmentation
model for hadronization, and A Relativistic Transport (ART) model for modeling the scatterings of
hadrons. The HIJING model is used to convert the initial energy to produce hard scattered partons
and soft strings, such that excited strings are converted to partons with string melting. Then ZPC
is used to calculate the hard and soft scatterings between the partons. An implementation of the
Lund string fragmentation modify the excited strings to hadrons. The ART model calculates the

scatterings between the hadrons [53].

2.4 A Review of Flow Measurements in Small Collision Systems

As noted at the end of Chapter 1, small collision systems have long been considered too
small to create hot and dense matter. These systems were utilized as control experiments which
measure how the presence of a nucleus would effect the production of particles relative to p+p
collisions. These so called “cold nuclear matter” (CNM) effects were isolated when colliding very
low Z nuclei, such as a deuteron or proton, with a large nucleusﬁ Some generally accepted CNM
effects are: gluon saturation, which is where a maximum is reached in the gluon density; and the
Cronin effect, which is the broadening of the transverse momentum of emitted particles distribution

due to multiple scatterings of initially colliding partons [54].

2.4.1 Nearside Ridge in Small Systems

In 2010, the CMS collaboration published a paper observing a nearside ridge in high multi-
plicity 7 TeV p+p events in the two-particle correlation function for dihadrons as shown in the left

Figure The aforementioned nearside ridge is located at A¢ = 0 and at |An| > 2 in the figure.

4 A side note: the convention in the field of heavy ion physics is to label any such small system collisions as p+A
and any large system collisions as A+A
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The ridge is significant in the correlation function in high multiplicity p+p event in contrast to the

correlation to any multiplicity p+p events at the same /s, as shown in Figure (right).

CMS N=110, 1.ﬂGeWn<pT-:3.ﬂGeWc CMS MinBias, 1.0GeV/c<p _<3.0GeV/c

{ ey e )
SN

A

R(An,A9)
R(An,A¢)

Figure 2.9: 2-D two-particle correlation function for p+p collisions at /s = 7 TeV for hadrons with
1.0 < pr < 3.0 GeV/c in high multiplicity events, with greater than 109 charged particles, and for
any multiplicity of events are shown in the left and right panels, respectively [16].

What this discovery showed was that collectivity-like effects could be observed in small col-
lision systems for high-multiplicity events. Thus, p+Pb at /s = 5.02 TeV events were also
analyzed to find flow and a nearside ridge was observed in 0-20% central events. It became ap-
parent over the course of making these measurements that the non-flow contribution to the signal
would be much larger for p+p and p+A events then that of A+A events and so perhaps these were
not related to flow. However, a procedure to reduce the non-flow component in the flow measure-
ment is demonstrated in Figure 2.10] The procedure measures the same two-particle correlation
functions for central and peripheral events, in this case 0-20% central and 60-100% central and then
subtracts the central correlation function by the peripheral one. The assumption is that the level
and shape of the non-flow is mostly consistent across centrality classes, whereas the flow is cen-
trality dependent, such that there is virtually no flow in the peripheral correlation function. Thus,
by subtracting the central correlation function by the peripheral, only the common components to

both will be subtracted out, which are the non-flow components. As seen in panel three in Figure
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the subtracted correlation function has no dominating jet peak at (0,0) and the nearside and

awayside ridges are distinct and clear, with a signal dominated by elliptic flow [20].

2<p, <4GeWsc p-Pb | 5,,=5.02Te 2<p <4GeVic PPb | 8, = 5.02 TeV 2<p,, <4GeVic A PPD|g =502 TeY
LR 2 GeVie T . 0-20% VP © 2 GeVic I “ 60-100% 1=p <2 GeVle p - \\[nm%} - (60-100%)
- - R

. 0-20% _  60-100%

Figure 2.10: 2-D two-particle dihadron correlation function for p+Pb collisions for 0-20% and 60-
100% centrality events as measured by the ALICE detector in the left and middle panel, respectively.
The rightmost panel shows the subtraction of the left panel by the middle panel to remove non-flow
effects [20].

2.4.2 Mass Ordering in v9

A key observation in the determination of collective flow is a mass ordering in the strength
of the flow coefficients. This is due to a common velocity field in the fluid which then results in
a larger momentum boost for heavier particles. The left panel of Figure 2.11] depicts the observed
mass ordering of particles in Pb+Pb 10-20% centrality events. In the low pp region of 0-2 GeV,
there is an ordering in the magnitude of vy for hadrons: 7+ > K* > p4p and so on for other heavier
particles. The 7* v, is the largest while the 7% mass is the smallest. Assuming an elliptic flow is
present, the steep pressure gradients will efficiently modify the magnitude of pp for heavy hadrons
more than for light hadrons, leading to a reduction in the number of heavy hadrons available at
low pr to produce a low pr vy [55]. Thus, the mass ordering observation is taken to be evidence
that the system is creating a medium such that particles will flow in predictable ways.

The right panel of Figure [2.11] shows a similar plot to the left panel of that figure except

for the system p+Pb /5, = 5.02 TeV. As in the Pb+Pb system, the p+Pb dataset exhibits the
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Figure 2.11: va(pr) for different particles (see legend) in Pb-Pb /5 = 2.76 TeV 10-20% events
as measured by the ALICE detector (left) [21I] and the ve(pr) for different particles (see legend)
in p-Pb /s, = 5.02 TeV for 0-20% events that were subtracted by peripheral 60-100% events
(right) [20]. The An gap at minimum is 0.9 units. The vy is extracted directly from the two particle
correlation function shown in Figure [2.10

same mass ordering, as well as similar shapes of each va(pr) curve. Thus, the mass ordering effect
that is observed in A+A is also observed is small systems, such as p+A. An important note for the
result on the right panel is that a central minus peripheral subtraction was done, as demonstrated
in Figure whereas the result in the left panel needed no such peripheral subtraction. This
means it is difficult to compare directly with the A+A result in magnitude, although the similarity
of the ordering and the shape of the curves is enough of a comparison to indicate collectivity in the

small system.

2.4.3 Multi-Particle Cumulants and Fluctuations

The effects of event-to-event fluctuations in the elliptic flow measurement have been studied
in small systems. In this context, fluctuations are differences in the initial collision geometry e
from one event to the next and so vy is different from one event to the next. Fluctuations in &9
can arise from fluctuations in the impact parameter within a centrality class of events and from
fluctuations of the initial positions of the participant nucleons [56].

In order to better understand the effect of fluctuations in our small systems measurements,
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vy was measured in different ways such as v2{2} and ve{4}, which are given by Equations and
respectively. The quantity vo{2} is the same as the two-particle correlation vy, shown in Figure
while the quantity v2{4} is a four-particle correlation. This paper referenced here [56], defines

a fluctuation term similar in form to standard deviation that is related to flow coefficients defined:

o2 = (W) — (v)?, (2.18)

where v is the flow coefficient relative to the participant plane. This fluctuation term is related to

v2{2} and v9{4} as

v{2}? = (v?) = (v)* + o2, (2.19)

and

v{4}? = (2 (v®)? = (W")V? ~ ()2 — o2 (2.20)

Thus, v2{2} measures the true elliptical flow plus fluctuations, whereas vo{4} measures the true
elliptical flow minus fluctuations. By measuring both v3{2} and vy{4} for the same dataset, an
estimate of the size of the fluctuations can be obtained. The difference between the two and four
particle cumulants should be ~ twice the size of the fluctuations.

Figure[2.12]shows the measurement of multi-particle cumulants in p+p, p+Pb, and Pb+Pb by
the CMS collaboration at the LHC [22]. A key part of this plot is noticing the significant difference
between v2{2} and ve{4} in high multiplicity p+Pb and Pb+PDb events, indicating the presence of
measured flow fluctuations and thus the expected geometry fluctuations. In the p+Pb and Pb+Pb
there is an apparent multiplicity threshold, approximately around Nfﬂ;f tine _ 75, below which a
class of peripheral events have a different kind of behavior than the high multiplicity events.

It is also interesting to note that for both systems, the va{4}, v2{6}, and v2{8}, are in
excellent agreement. This excellent agreement indicates that p+Pb is similar to Pb+Pb in that it

is an N-body correlation, not a two-body decay or back-to-back jets which produces correlations

between smaller numbers of particles. There is also excellent agreement for p+p. Although these
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Figure 2.12: Elliptic flow measurements made using the 2nd, 4th, 6th, and 8th multi-particle
cumulants, where the 2nd multi-particle is subtracted by peripheral events. Also the Lee Yang
zero method non-flow elimination method is shown. These quantities are plotted vs the event

multiplicity measured as N;];f line ' which is the number of charged particle tracks observed during

the offline analysis averaged over 0.3 GeV/c < pr < 3.0 GeV/c and over |n| < 2.4. The left
panel is v§“{2, |An| > 2}, vo{4}, and v2{6} in p+p collisions at /s = 13 TeV. The middle panel
v3"{2,|An| > 2}, v2{4}, v2{6}, and v2{8}, in p+Pb at \ /5, = 5 TeV collisions. The right panel is
vsU {2, |An| > 2}, va{4}, v2{6}, and v2{8} in Pb+Pb collisions at V/Syn = 2.76 TeV. The error bars
correspond to the statistical uncertainties, while the shaded regions correspond to the systematic
uncertainties [22].

types of processes are present, all particles feel the effects of the initial geometry.

2.4.4 Measurements Made at RHIC

Flow measurements in small systems have also be made at the lower energy accelerator, RHIC.
Small collision systems, d+Au, 3He+Au, and p+Au at Sy~ = 200 GeV per nucleon were taken at
RHIC in 2008, 2014, and 2015, respectively. The 2008 d+Au dataset was intended to measure cold
nuclear matter effects; however, RHIC experiments such as PHENIX had the capability to go back
and measure ve(pr). PHENIX was able to measure vy for d+Au and for 3He+Au for the 0-5% most
central events, as shown in Figure A substantial vy is observed for both d+Au and *He+Au
events with a strong pr dependence, which is similar to that seen in p+Pb at the LHC. Instead of
subtracting the non-flow component, as was done in Figure the non-flow is incorporated as

a systematic uncertainty. In addition to the vo measurement, a substantial vs is measured for the
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3He+Au dataset. This measurement is significant because the observation of more than one flow
indicates the system is exhibiting complex behavior. A single flow harmonic could be explained by

a variety of causes, whereas two flow harmonics from the same system narrow the range of possible

explanations.
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Figure 2.13: v, (pr) measured for d+Au and *He+Au at , /Sun = 200 GeV for 0-5% central events.
vy was measured for both systems and vs was measured for 2He+Au. The grey boxes correspond
to systematic uncertainties [23].

In addition to measuring the vs(pr) for all hadrons, vo has been measured for 7% and p+p, as
seen in Figure A very similar mass ordering in v (pr) for different hadrons that was observed
for p+Pb at /s,y = 5.02 TeV in Figure was also observed for d+Au and 3He+Au at NG
= 200 GeV. In the low pr region, pr < 1.5 GeV/c, the vy for nt is greater than the vy for p4p.
An interesting note here is that the low pp region only goes up to 1.5 GeV/c, whereas the p+Pb
dataset shows a low pp mass ordering region of up to 2 GeV/c. The reason for this is probably due
to the difference in center of mass energy, and larger radial flow at the higher energy.

It is necessary to note that throughout all of these measurements in small systems, a skepti-

cism to the interpretation that the measurements are hydrodynamic flow has persisted. There are
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Figure 2.14: wvy(pr) for d+Au and *He+Au at /5,y = 200 GeV 0-5% centrality events for 7* and
p+p separately measured by PHENIX. The boxes correspond to the systematic uncertainty [23].

alternative explanations to the apparent flow measured in small systems that do not involve the
creation of a medium. Examples of these alternative examples explanations include: initial state
effects from glasma diagrams [57], color recombination [58], and partonic scattering in transport
models [59]. In order to further the discussion on the distinction between a medium and a non-
medium explanation, three different small collision systems, each with unique initial conditions,
were run at RHIC. Those three systems are d+Au, *He+Au, and finally p+Au, with intrinsic
elliptical, triangular, and circular initial geometries. The constraints that a set of measurements
from all three systems would place upon explanatory models would help distinguish which theory
best describes small systems. This thesis is the completion of that set of three measurements, by

measuring v in the p+Au dataset.



Chapter 3

Experiment Setup

3.1 RHIC

The Relativistic Heavy Ion Collider (RHIC) is a superconducting charged hadron collider
located at Brookhaven National Lab (BNL) in Upton, NY, United States. RHIC is capable of
accelerating heavy ions such as Au (gold) or Cu (copper) nuclei to energies of ~100 GeV per
nucleon. RHIC is also capable of accelerating lighter ions such as protons, deuteron, and helium
to ~100 GeV per nucleon and ~250 GeV per proton, in the case of p+p. The machine has
demonstrated the ability to reliably create the QGP matter.

There are two major detector experiments currently operating in interaction regions around
the RHIC ring: PHENIX (Pioneering High Energy Nuclear Interaction eXperiment) and STAR
(Solenoidal Tracker at RHIC). Figure[3.1]shows the locations of the experiments and the accelerator
chain. A typical schedule for RHIC is to operate the accelerator for 32 cryo-weeks every year in
what is called a “Run.” There have been 16 Runs so far but the relevant Run for this thesis was
the 15th Run taken in 2015 which ran proton colliding with gold ions (p+Au) /5,y = 200 GeV
for part of its running. Specific details about this dataset are found in Section

The RHIC ring is at the end of a chain of smaller accelerators that are used to “feed” the
ions into the RHIC ring, where they are accelerated (or decelerated in some circumstances) to the
desired collision energy. For heavy ions such as Au, the process of production and acceleration is

listed in detail below [60].

(1) A pulsed sputter Au ion source generates negative ions in the Tandem Van De Graaff.
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Figure 3.1: An aerial view of the accelerator chain in BNL starting at the Tandems (in gold) and
ending at the RHIC ring (in blue and yellow for the two counter-circulating beams). STAR and
PHENIX can be seen at two of the interaction regions. The ring is 2.38 miles in circumference [24].

(2)

The ions are passed through an electron stripping foil to achieve a positive +12 e charge

and accelerated to ~1 MeV per nucleon.

The ions pass through bending magnets and another foil to further strip electrons and filter

charge, yielding a positive +32 e charge state.

The ions are sent to the Booster Synchrotron, which accelerates them to 95 MeV per

nucleon and leaves them at a positive +77 e charge.

The ions enter the Alternating Gradient Synchrotron (AGS) in bunches of 24 around the
ring. The ions are debunched and rebunched into four bunches and then accelerated to

10.8 GeV per nucleon.

The bunches then exit the AGS one at a time, where their Au ions are stripped of their two
remaining electrons, yielding a final charge state of positive 479 e. Finally, the bunches

are transferred to their respective buckets in RHIC.

For protons, the process instead begins at the Linear Accelerator (LINAC) facility. The
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protons are then sent through the chain of accelerators in a similar way to the heavy ions until
reaching RHIC in either a polarized or unpolarized spin state.

Once the ions have reached RHIC, they will enter one of two independent rings, blue or
yellow, each circulating in an opposite direction. The ions in the rings are deflected and focused
by 1,740 superconducting magnets using niobium-titanium conductors. Once the ions are focused
and accelerated to the desired parameters around the RHIC, the ions are deflected into the six
interaction regions where the blue and yellow rings intersect to produce collisions. It is at these
interaction regions where the major experiments have set up their detectors, with STAR at the 6
o’clock position and PHENIX at the 8 o’clock position.

The period of time that collisions continue is known as a “fill,” and the average length of
a fill is eight hours. As the fill wears on, the collision rate substantially decreases as the density
of ions in the machine decreases. Once the collision rate has been reduced sufficiently, it is more

efficient to start the fill over at a higher collision rate.

3.2 PHENIX

PHENIX, the Pioneering High Energy Nuclear Interaction eXperiment, came online in 2000
along with RHIC and is located at the 8 o’clock interaction region along the RHIC ring. PHENIX
is one of the two major RHIC experiments along with STAR, the Solenoidal Tracker At RHIC. The
PHENIX detector philosophy differs from STAR in that PHENIX has a small acceptance but very
good PID (particle identification) capabilities and very high rate capabilities.

PHENIX’s detectors throughout the years include the Drift Chamber (DC), the Pad Cham-
bers (PC), the Ring Imaging Cherenkov (RICH) Detector, the Hadron Blind Detector (HBD), the
Time Expansion Chamber (TEC), the Time of Flight (TOF), the Electromagnetic Calorimeter
(EMCAL), the Muon Tracker (MuTr), the Muon Identifier (MuID), the Muon Piston Calorimeter
(MPC), the Muon Piston Calorimeter Extension (MPC-EX), the Beam-Beam Counter (BBC), the
Zero Degree Calorimeter (ZDC), the Forward Calorimeter (FCAL), the Multiplicity and Vertex

Detector (MVD), the Reaction Plane Detector (RPD), the Resistive Plate Chambers (RPC), the
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Silicon Vertex Detector (VTX), and the Forward Silicon Vertex Detector (FVTX). Figure [3.2] de-
picts the approximate size and position of each of the detectors that are installed in PHENIX as

of 2015.
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Figure 3.2: A cross-section diagram of the PHENIX detector from the incoming beam’s perspective
(top) and a cross-section diagram of the PHENIX detector from the side (bottom). The central
arm detectors are not shown in the bottom diagram [25].

For this thesis, the relevant detectors in 2015 are the DC, PC, RICH, BBC, and FVTX. The
DC, PC, and RICH are located in the mid-rapidity region relative to the collisions and are a part
of what are referred to as the Central Arms (CA), and the BBC and FVTX are located in the
forward (and backward) rapidity region relative to the collisions and are a part of what is referred

to as the (Forward Arms) [27].
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PHENIX makes use of the three powerful magnets in order to bend charged particles’ trajec-
tories: the Central Magnet (CM), the North Muon Magnet (MMN), and the South Muon Magnet
(MMS).

PHENIX has a state-of-the art Data Acquisition System (DAQ) which is capable of writing
750 MB/s of information to disk. More details about the PHENIX DAQ are found in Section

For reference, Figure depicts the PHENIX coordinate system relative to the RHIC ring.

References to the cardinal directions or x, y, or z are defined in relation to this figure.

East

Collision Point

North

Figure 3.3: The PHENIX coordinate system. The origin is in the middle of the PHENIX detector
at the collision point. North and south are parallel to the beam axis. East and west are transverse
to the beam axis. Central detectors have a west and an east arm on either side of the beam.
Forward detectors have a north and a south arm relative to the origin.

3.2.1 PHENIX Magnet System

The CM has two circular coils which can be configured in the same direction (++ or — —),
the opposite direction (+— or — +), or with the inner magnet off (+0 or —0). The magnets can also
be run in the “zero-field” configuration for alignment purposes. Figure shows the magnetic field
lines and strength produced by the PHENIX magnets. The magnetic field lines at mid-rapidity,
|Z] < 0.3m on the plot, have a peak strength of ~0.9 T near the beam pipe and extend out to R

~ 2 m, just before the DC. The right panel of Figure depicts the magnetic field strength as a
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function of distance from the center of PHENIX. For any of the possible CM magnet configurations,

the magnetic field strength is very small for > 2 m.
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Figure 3.4: PHENIX magnetic field lines from the MMS, CM, and MMN, (left) and the total
magnetic field strength from the CM vs the radial distance from the center of PHENIX at ¢ =
O(right) [26].

3.2.2 Beam Beam Counter

The BBC is a forward detector used to determine the event start time, vertex, centrality,
and event plane. The BBC is composed of two mirror image arrays, a South and a North Arm,
that surround the beam pipe 144 cm on opposite sides of the nominal collision point just behind
the Central Magnet, covering 3.0 < |n| < 3.9 and 27 radians in azimuth. Each BBC arm is made
of 64 elements composed of a 3-cm quartz Cherenkov radiator connected to a 2.5 cm diameter
Hamamatsu R6178 mesh dynode PMT (photomultiplier tube), as shown in Figure The outer
and inner diameters of the BBC, with respect to the beam axis, are 30 cm and 10 cm, respectively.

The BBC is used to mark the event start time for the entire PHENIX detector by averaging
the emitted particles arrival time at each BBC arm. The timing difference between each arm
provides an estimate of the collision’s z-vertex by

po I8 IN - I (3.1)

where Tg, Ty are the particle’s average arrival times for each arm and c is the speed of light.
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Figure 3.5: Photographs of the BBC detector. The left is of a single detector element consisting
of a quartz radiator and a PMT. The right is of one of the BBC arms, consisting of 64 detector
elements [27].

For p+Au collisions at /s, = 200 GeV, the BBC has a timing resolution of ot ~50 ps
and a corresponding z-vertex resolution of ~1.0-2.0 cm, depending on the event charged particle
multiplicity. A coarser estimate of the vertex is used during triggering, to select events of interest.
Specific details about triggers are in Section [3.2.7]

The BBC also provides the centrality classification, as described in Section [2.1.1] of a collision
event in PHENIX. Details of how BBC data is used to compute the centrality are given in Section
0.2.9

Additionally, the BBC is used to calculate the event plane in the event, which is described

in Section 4.2.

3.2.3 Forward Vertex Detector

The FVTX is a PHENIX detector upgrade that became operational in 2012. The FVTX
provides charged particle tracking, collision vertex determination, and event plane determination
[25]. The FVTX consists of two identical endcaps covering a combined pseudorapidity range of 1
< |n| < 3 and full azimuth coverage. Each endcap has four stations of silicon mini-strip sensors
with a pitch of 75 pum arranged in the radial direction around the beam pipe. The basic unit of

construction is a wedge that has silicon strip sensors and associated read-out chips. The inner most
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layer (on each side) of the FVTX has a smaller radius. Figure is a photograph of the FVTX
disks and an engineering drawing of the FVTX and its support structure. The FVTX is used in

this thesis to calculate the event plane, as discussed in Section 4.2.

) Ji

Figure 3.6: A photograph of half of the FVTX. In the cutaway, one sees the half disks on either
end of the picture (left) and a schematic of the FVTX at a slightly different angle (right). The
FVTX is only 20 cm in the z direction from the PHENIX coordinate system origin (the center of
each picture) [25].

3.2.4 Drift Chamber

The DC covers an pseudorapidity acceptance of || < 0.35 and is composed of two gas
multi-wire proportional chambers in each of the central arms. The DC is used to measure particle
trajectories in the r¢ plane and their momentum. The DC is located ~2 m from the z-axis, placing
it in a very small residual magnetic field from the CM. Apart from the VITX, the DC is the first
detector encountered by a particle produced at mid-rapidity.

As a charged particle passes through the DC volume, a gas mixture of 50% Ethane and 50%
Argon are ionized to create free electrons. These electrons cause a chain reaction of ionizations
which are measured by an anode wire. The DC is designed in such a way that the drift velocities
of the elections are predicable enough to relate time and position together.

Fach of the two identical DC arm is cylindrical design and covers 2.5 m along the beam

direction and is 0.4 m deep (in radius) as seen in the left panel in Figure Each arm is divided
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Figure 3.7: A diagram of the DC titanium frame that encloses the detector (left) and a diagram of
the X, U, and V wires in the DC (right) [27].

into 20 equal sectors covering 4.5 degrees in ¢. Each sector contains six types of wire modules
stacked radially and labeled X1, X2, V1, V2, Ul, U2. The X wires run parallel to the beam to
provide precise ¢ measurements while the U and V wires are set at small angles of about six degrees
relative to the X wires to provide information about the z position of the track. A diagram of the
wire layout in each sector is shown in the right panel in Figure In total, the DC consists of
about 6,500 anode wires with 13,000 readout channels. The resolution for a single wire is 165 um

in r-¢, a single wire efficiency better than 99%, and a spatial resolution of 2 mm in the z direction.

3.2.5 Pad Chambers

The PCs are multi-wire proportional chambers composed of three separate layers of detectors
measuring precise hit positions in the PHENIX tracking system which have the pseudorapidity
acceptance as the DC. PC1 is the innermost layer and is located in both the east and west arms
directly outside of the DC, providing a measurement of the z,y, z position at the back plane of the
DC. PC2 is the second layer and is located near the RICH only in the west arm. PC3 is the outer
layer and is located in both arms. PC3 gives a second space point on the straight line trajectories

of the tracks through the detector, outside of the CM magnetic field as shown in Figure [3.4] PC1
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hits are used in this analysis as an input to the pattern recognition to reduce the track background.

3.2.6 Ring Imaging Cherenkov Detector

The RICH detector is located directly behind the PC1 and produces the primary electron
identification for PHENIX in the CA. The RICH is composed of two identical detectors in the
CA. Each detector contains 48 mirror panels that focus Cherenkov light onto PMTs. The RICH
is filled with radiator gas, COs, for the p+Au running. The RICH provides e/m (electron to pion)
discrimination below the 7 Cherenkov threshold of ~4.5 GeV/c. Figure shows the energy
over momentum E/p distribution in Au+Au /s, = 200 GeV collisions. The £ comes from the
EMCAL and the p comes from the DC tracks. When RICH hits are required in conjunction with
DC tracks, a electron signal peak can be seen near F/p = 1.0, as expected for electrons depositing

their full energy in the EMCAL.

|Efp ratio: 1.1GeVic < p < 1.2GeVic |
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Figure 3.8: Ratio of energy to momentum for all Drift Chamber tracks (dashed-dotted line), and
tracks associated with RICH hits (solid line) in Au+Au /5, = 200 GeV collisions. The p range
is 1.1 - 1.2 GeV/c [28].
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3.2.7 PHENIX Data Acquisition System

PHENIX makes use of a fast DAQ to manage the transfer and collation of hundreds of kB
of event data (per event) from over two dozen independent detector subsystems at a rate of over
6 kHz. This amounts to writing to disk hundreds of MB/s, a data writing rate that the PHENIX
DAQ consistently achieves for months of constant use.

The collection of a Granule Timing Module (GTM), Front End Modules (FEM), and a Data
Collection Modules (DCM) is known as a “granule” and is the minimal combination of DAQ
hardware sufficient for data collection, as shown in Figure The output data of each detector
subsystem is managed by a granule. Pipelined Field Programmable Gate Arrays (FPGA) with
carefully controlled dead time are used to calculate the trigger decisions. The FPGAs are fed
information from the experiment. Omnce the FPGAs compute the trigger decision, the trigger
signals are monitored by the GTM. If the trigger decision is positive, the GTMs instruct the FEMs
to release their data from their buffers and send them to the DCM of their granules. If the decision
is negative, the FEMs are instructed to dump the data. Once the FEM is instructed to send its

data downstream, it goes to the DCM and then is sent to the Event Builder (EvB).

3.2.7.1 Triggering

PHENIX runs 32 distinct triggers simultaneously. Each of the triggers has a scale down num-
ber to control the relative bandwidth each trigger receives. To understand the PHENIX triggers,
it is useful to learn about the beam clock.

The PHENIX trigger is tied to the clock of the blue beam, one of the two counter circulating
rings of which RHIC is comprised. The clock rate is fixed at 9.38 MHz and is tied to the rate at
which RHIC overlaps bunches of ions in the interaction regions. Every time a bunch of ions from
the blue ring overlap with a bunch of ions from the yellow ring, there is a blue clock trigger. This
clock is stable by necessity of the precision required to run a complex accelerator like RHIC.

One critical trigger that is used in this analysis is the minimum bias trigger. As the name
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suggests, the trigger seeks to mark the detection of an ion collision while reducing to a minimum
the bias to the type of the collision. To achieve this, data from the BBC are used. Although what
constitutes a minimum observation varies with collision species, the BBC minimum bias trigger
is generally defined as >0 PMTs in each arm above threshold. Not only is this condition a good
indication that a ion collision occurred, it is also the minimum information necessary to calculate
the collision vertex position using the BBC. The vertex information is important because it is used
to select collisions that occur in the narrow range of acceptance of the current PHENIX detector
configuration. This range is —10 cm < z < 10 cm. For completeness, PHENIX takes BBC minimum
bias triggers with z vertex cuts of 30 cm, 10 cm, and with no vertex cut. The collection of all these
triggers is what is considered to be the PHENIX minimum bias trigger.

In Run 15, a high multiplicity trigger was implemented to enhance event statistics for events
producing the largest number of particles (i.e. the most central, violent collisions). This trigger
was given a large fraction of the bandwidth and consisted of requiring at least 35 out of 64 PMTs

in the south arm (Au-going direction) of the BBC. More details about this trigger are located in

Section B3.2.8]

Table 3.1: An example 2015 p+Au at /5., = 200 GeV trigger configuration and parameters. A
trigger’s scale down number reduces its rate by 1/(1+scale down).

Trigger Name Scale down | Trigger rate | Vertex cut | Part of minimumbias
Clock 196077 45H z N/A no
BBC(> 0 PMTs)narrowvtx 100 695 Hz 10cm yes
BBC(>0PMTs) 2083 88 Hz 30cm yes
BBC(> 0 PMT's)novertex 3959 94 Hz no cut yes
BBC(>35PMTs) 1 1640 H z 10cm no

3.2.7.2 Event Builder

Following the PHENIX DAQ data path, after a positive trigger decision has been sent to
each of the granules, the granules’ data packets are sent from that granule’s FEM to the DCM and
then to the event builder. It is the event builder’s job to associate each granule’s data packet from

the same collision event into one bundle of data known as an event. The event builder consists of
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Granule

Figure 3.9: Diagram of a granule. Granules are the building blocks of the PHENIX DAQ. Each
detector subsystem has at least one granule. This granule shows the BBC.

Sub Event Buffers (SEB), Assembly Trigger Processors (ATP), an Event Builder Controller (EBC),
and a Gigabit Ethernet Switch for the communication management. The EvB transfers the data
to long-term storage at the RHIC Computing Facility. Figure shows a diagram for how these
components are connected.

Granules send the data packets to the specific SEB assigned to that granule. The EBC
receives global trigger information and assigns each ATP a specific collision event. The ATP then
requests the data from all of the SEBs for the specific event assigned to it by the EBC. Once the
ATP is successful, it writes the assembled event to disk and the EBC instructs the SEBs to flush

the buffer for that event.

3.2.8 Run 15

Run 15 is the RHIC running period in the year 2015, which marks the fifteenth in consecutive
years of RHIC running since the year 2000. Run 15 began in January 2015 and ended in June of

2015. There were approximately eleven weeks of good physics data taken, approximately five weeks
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of polarized p+p collisions at /s = 200 GeV, approximately five weeks of polarized p+Au collisions

at \/syy = 200 GeV, and approximately one week of research viable p+Al collisions /5, = 200

GeV. Of interest to this thesis are the p+p and p+Au datasets.

Table 3.2: Some relevant RHIC parameters from Run 15.

Collision Species p+p p+Au units

Total Particle Energy 100.2 103.9 4+ 100.0 | GeV /nucleon
Tons per Bunch 225 225+ 1.6 number x10?
Number of Bunches 111 111 number
Luminosity Average Per Fill | 6,300 x 10%® | 45 x 10%® em 257!
Total Delivered Luminosity | 382 1.27 pb~!
Average Fill Lifetime 8 7 hours

In addition to providing the minimum bias as trigger for Run 15, the BBC was used to imple-

ment a high-multiplicity trigger in order to enhance the amount of the top 5% highest multiplicity

events. The high-multiplicity trigger requires at least 35 of the 64 BBC south arm PMTs to be

above threshold in a given event to be satisfied. The relevant BBC arm for p4+Au is the south

arm since that is the Au-going direction so the multiplicity is much higher. The central trigger

enhancement can be seen in Figure|3.11
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Figure 3.11: The distribution of BBC charges in p+Au at /s, 200 GeV events for different
triggers. The black curve is the distribution of charges for the minimum bias trigger. The blue and
red curves are the distributions of charges for the high multiplicity trigger. The red curve being
scaled by a factor of 1/40 to show agreement with the black curve. The definition of the top 5%
more central events are BBC south charges >= 48.0. The plot shows the large enhancement of the
number of 0-5% centrality events that are gained using the high multiplicity trigger compared to
the number of 0-5% centrality from the minimum bias trigger alone.

3.2.8.1 Beam Collision Geometry

For the 2015 p+Au collisions at /s, = 200 GeV running, the RHIC’s blue and yellow
beams were not in perfect accordance to the PHENIX coordinate system. This was manifested in
two separate ways. First of all, the collision vertex is significantly offset from the z-axis to which
all of the PHENIX detectors are aligned. This is a typical situation in PHENIX datasets but it
must be addressed. The other effect, and the more significant of the two, comes from the fact that
the beams are colliding at an angle of 3.6 mRad in the z-z plane, as illustrated in Figure [3.12

The reason for this is because of the accelerator ring magnet requirements for running p+Au
at /Sy = 200 GeV at RHIC. It is highly desirable to have the beams at equal energy per nucleon,
and since the proton and the Au have different Z/A ratios, the magnets require different settings

to control the beams. The final DX magnet constrains both beams and moves them to cross at
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the interaction region in the middle of PHENIX. The beam angle is needed to offset the beams in

the DX magnet field [61].
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Figure 3.12: A vector diagram illustrating the yellow and blue beam angle confirmation relative to
the PHENIX coordinate system.

The average collision vertex location in x and y is known as the beam center. The beam
center varies over the course of data taking but its values on average are (x,y) = (0.206,0.065) cm.
The distribution of vertices in z from collision events can be see in Figure [3.13] Due to the fact that
the beams are colliding at an angle in the x-z plane, the z-component of the beam center will have a
z-vertex dependence with a slope of -0.0036 cm of x per 1 cm of z. Apart from how the beam angle
effects the beam center values, it also violates the expectation of a uniform ¢ distribution of particles
with respect to PHENIX detectors. PHENIX detectors are designed and aligned, with respect to
the PHENIX coordinate system, with the expectation of geometric symmetry. A significant beam
collision angle with respect to PHENIX detectors would be equivalent to PHENIX detectors being
tilted, which would violate geometric symmetry. The physics analysis described in this thesis is
sensitive to these beam geometry effects. A discussion on how to account for these effects will be

in Chapter 4.

3.2.9 Centrality Determination

The centrality determination is done by adding up all BBC South (BBCs) (Au-going direc-
tion) PMT charges for every event and then splitting up that distribution into equivalent centrality

bins. This procedure, which is the same used for d+Au, as documented in Ref [29], is used to
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Figure 3.13: The BBC z-vertex distribution in a typical p+Au run for different triggers as described
in Table[3.1] The teal curve is the BBC(>0PMTs) novertex trigger, the blue is the BBC(>0PMTs),
and the magneta is the BBC(>0PMTSs) narrowvertex.

associate a centrality bin with the number of binary collisions from Monte Carlo Glauber (MC-

Glauber), as discussed in Section [2.3.1.1] An example of such a MC-Glauber event for d+Au is

seen in Figure [3:14]
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Figure 3.14: A Monte Carlo Glauber d4+Au event display. Each circle is a nucleon and filled circles

are nucleons with at least one collision. The red nucleons are from the projectile (deuteron) and
the green nucleons are participants from the target (gold) [29].

In this procedure, the total BBC charge is assumed to be proportional to the number of binary

collisions in a p+Au collision. Fluctuations in nucleon positions are described probabilistically via
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the Negative Binomial Distribution (NBD) as defined:

D) = (1) Ce T (L =

where p and x are the mean and positive exponent parameters. The NBD was chosen for this
situation due to the linear scaling of the NBD parameters, i.e. randomly sampling from n NBD(u,x)
becomes NBD(nu,nk). We fold the MC-Glauber with the NBD such that the charge distribution
is described as

Necopmax

P(z) = Z Gl(n) x NBD(z; nu; nk), (3.3)

n=1

where z is the BBCs charge and Gl(n) is the event normalized Glauber distribution [29]. The two
parameters u and x are fit to the experimental BBCs charge distribution, as shown in Figure [3.15
This figure shows good agreement between the data and the MC-Glauber + NBD fit. The best fit
NBD parameters are y = 3.14, k = 0.47.

There is a deviation at small BBCs charge because the minimum bias trigger is inefficient
due to the fact that a PMT must be hit in both the BBC south and north. The bottom panel
of Figure [3.15] is the ratio of the data to the theory curve and shows that the agreement is good
at a charge of 10 and greater. This ratio is fit to determine the minimum bias trigger efficiency
as it “turns on.” This fit has good agreement with the turn-on curve which can be integrated to
determine that the minimum bias trigger is 84% = 4% efficient. By combining the calculated p+Au
cross section with the 84% trigger efficiency, we determine the total inelastic p+Au cross section o

= 1.76 b. Thus, centrality is defined as a percentage of the total inelastic cross section.
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Figure 3.15: Real data for BBCs charge shown as open circles and MC-Glauber + NBD (top). The
colors correspond to the various percentiles relative to the total inelastic p+Au cross section, from
right to left: 0-5%, 5-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 60-70%, and 70-84%. The
blue and red curves correspond to the minimum bias trigger efficiency in all inelastic collisions and
inelastic collisions producing a particle at mid-rapidity, respectively (bottom).



Chapter 4

Analysis

This chapter contains an extensive discussion of the data analysis techniques in the physics
measurement. First we describe the building blocks of the vy measurement, then we examine the

event plane analysis techniques and the sources of systematic uncertainty.

4.1 The Building Blocks of the Measurement

Prior to any analysis, the raw data collected by various PHENIX subsystems must be recon-
structed into well-defined software objects encapsulating information of the particles that traversed
the detector. Although we have already discussed the subsystems used in this analysis in Chap-
ter 3, this section provides in-depth information on central arm tracks, FVTX clusters, and BBC
photomultiplier tubes (PMTs), and the physics variables they contain. Figure displays the

coordinate system for PHENIX.

4.1.1 Central Arm Tracks

Central Arm (CA) tracks are the representation of charged particles emitted from the heavy
ion collision that are detected by detectors in the PHENIX central arms. There are two central
arms, each one covering an acceptance of +0.35 in pseudorapidity and a total azimuth acceptance
of 7. The relevant detectors in the CA for this analysis include the Drift Chamber (DC), the Pad
Chambers (PC) and the Ring Imaging Cerenkov (RICH) detector. As discussed in Chapter 3, the

DC provides momentum information; the PC provide track quality metrics; and the RICH provides
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East N

Collision Point

Figure 4.1: Reference coordinate system for the PHENIX detector. The origin is set at the collision
point, around which the detector is centered. The beam runs parallel to the (longitudinal) z—axis,
where the direction of positive z is defined as north. The east and west directions are defined as
perpendicular to the longitudinal direction, where the direction of positive z is defined as west.

electron identification.

The main physical parameter of CA tracks is the momentum vector p' = (pz, py,p-) of the
particles, defined at the collision vertex. This analysis uses tracks with momentum 0.2 GeV/c
< |pr| < 3 GeV/c, a pr range where the momentum resolution is good, as shown in the left panel
of Figure The right panel of Figure 4.2/ shows the pr distribution of CA tracks up to 10 GeV/c:
a smooth linearly falling distribution on a log scale with a small number of fake tracks at high pr.
The azimuthal angle and pseudorapidity of the track are calculated from the components of its

momentum vector, as follows:

o= arctan(%), (4.1)
n= arsinh(p—z). (4.2)
pr

In addition to momentum, CA tracks provide a number of other parameters that can be used
to ensure the quality of tracks and isolate a sample corresponding to charged hadrons. These include
zed in the DC, d¢ and dz in the PC, n0 in the RICH, and the general track quality calculated from

DC and PC information. These variables are defined as follows:
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Figure 4.2: Momentum resolution o,/p as a function of the reconstructed track momentum, p for
simulated single-particle events [30] (left) and the transverse momentum prp distribution of CA
tracks in p+Au events at /s, = 200 GeV. High pr tracks (pr > 5 GeV/c)observed correspond
to unsubtracted background (right).
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Figure 4.3: The distribution of (left) n0, i.e., the number of PMTs fired in the RICH, and (right)
zed, i.e., the longitudinal position of tracks in the DC, for CA tracks in 0-5% central p+Au events
at \/syy = 200 GeV. The structure observed in the zed distribution corresponds to a gap in the
detector acceptance.

e the zed variable corresponds to the longitudinal position of the track in the DC, as shown

in Fig. (right panel);

e the d¢ and dz variables quantify the distance between a track projection and its associated
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hits in the PC. In order to make standard cuts on these variables, their distribution must

be calibrated to a standard Gaussian in a procedure known as sigmalization, described in

subsection 4.1.1.1

e the n0 variable, used for electron identification, corresponds to the number of PMTs fired

in the RICH that match the DC track projection, as shown in Fig.

e the track quality category, which is based on the PC1 and DC wire hits used as well as DC

wire momentum information, defined in Tables [4.1] and

Table 4.1: Quality categorization of CA tracks, as a function of PC1 and DC wire hits. The quality

parameters used in this analysis are 31 and 63 to maximize information available. Table from
Ref [3].

Quality PC1 found PC1 unique UV found UV unique

17,18,19 1 0 0 0
21,22,23 1 0 1 0
29,30,31 1 0 1 1
49,50,51 1 1 1 0
61,62,63 1 1 1 1

Table 4.2: Quality categorization of CA tracks, as a function of DC wire momentum information.

The quality parameters used in this analysis are 31 and 63 to maximize information available.
Table from Ref [3].

Quality X1 used X2 used

17,21,29,49,61 1 0
18,22,30,50,62 0 1
19,23,31,51,63 1 1

The quality cuts Table summarizes the CA track cuts used in this analysis to reduce the

track background.
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Table 4.3: CA Track cuts for each relevant variable and their units.

variable | cuts units

pr 0.02 <p<10.0 | GeV/c

zed |zed| <75 cm

PC3 d¢ | |do| <2.0 radians x10?
PC3 dz | |dz| <2.0 cm

n0 n0<1 count
quality | 63 or 31 N/A

4.1.1.1 Sigmalization of PC Variables

The goal of PC variables d¢ and dz is to provide criteria to determine if the ¢ orientation and
z-direction of the track match between the third layer of the PC and the DC. The sigmalization
is done in the minimum bias sample and is valid for all other centrality selections. We did the
sigmalization procedure for tracks in different transverse momentum bins, separately in the east
and west arms, and for positive and negative particles. The d¢ and dz distributions were fitted with
a double-Gaussian function (one Gaussian for the signal and one Gaussian for the background) and
then the parameters were interpolated as a function of pp. Fig. a) shows a fit to the sigmalized
d¢ distribution, and Fig. b) shows a fit to the sigmalized dz distribution for tracks with 1.0
< pr < 1.1 (GeV/c) in both the west and east arms as well as both positively and negatively
charged particles. Then we fit the signal Gaussian mean and sigma to a polynomial function. Once

these variables had been sigmalized, we selected only the tracks within a +2¢ cut.

4.1.2 FVTX Clusters

The FVTX consists of four silicon layers in each of the north and south directions, covering
an acceptance of 1 < |n| < 3 and spanning the full azimuth. FVTX clusters correspond to the
spatial location where charged particles hit one of the silicon layers. Each cluster is expected to
correspond to a single charged particle in the case of p+Au collisions, because of the low multiplicity
relative to Au+Au collisions. These clusters have a spatial resolution in r and ¢ of 50 ym and 0.14

radians, respectively, and have an RMS along the z-direction that corresponds to the width of an
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Figure 4.4: The PC3 matching d¢ fit in range 1.0 GeV/c < pr < 1.1 GeV/c for positive a) and
negative b) hadrons and the dz sigmalization for positive c¢) and negative d) hadrons. The blue and
pink lines are single Gaussian fits to the signal and background, respectively, which are combined
in the red line.

FVTX layer, of \2/% pm [25]. Due to the p+Au collision system’s inherent asymmetry, the majority
of particles are produced in the Au-going (south or backward) direction. Taking into account this
asymmetry, only the clusters from the south arm are used for calculations in this analysis. In a
typical 0-5% centrality event, there are on average ~1500 FVTX clusters in the south arm alone.

Average hit distributions are shown in Figure The clusters are used for calculating the event

plane.

4.1.3 BBC PMTs

The BBC provides information on the position, time of arrival, and number of charged
particles that hit the BBC’s quartz radiator material. The BBC acceptance is 3.1 < |n| < 3.9 and
spans the full azimuth. The resolution of the detector in x and y is 5 cm, corresponding to the

diameter of a BBC PMT. In addition to spatial information, the BBC provides charge information,
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Figure 4.5: Distribution of FVTX clusters in z and y for layers 1, 2, 3, and 4 for panels a), b), c),
and d), respectively. The color scale corresponds to the number of counts.

calibrated so that a value of 1.0 corresponds to a single charged particle hitting the detector (i.e.
one minimum ionizing particle traversing the quartz). Figure shows the layout of the PMTs for
the BBC. As discussed in section the information regarding arrival time and particle charge

can be used to calculate the z-vertex of the collision.
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Figure 4.6: Diagram showing the positions of the PMTs for the south BBC detector. Rings shown
with the same color indicate PMTs at an approximate common radius.
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4.2 The Event Plane Method

Details of the event plane method were given in Chapter 2 Section The goal of this
thesis is to measure vy, which is related to collective behavior as evidenced by correlations among
particles. These correlations exist relative to the orientation of the collision. The event plane
method measures the azimuthal anisotropy in final state particles. The event plane method uses
final state particles to calculate the event plane angle from the data. A different set of final state
particles are used to define the event plane in the FVTX or BBC and measure the v in the CA.

For this analysis, the event plane is calculated separately for each of the forward detectors
mentioned above, i.e., the BBC and the FVTX. We only use the south (Au-going) side of each
detector, referred to here as the BBCS and the FVTXS. For the FVTXS, the Q-vector is calculated

in each event as

Neruster
Qr= Y (cos(ngy)) (4.3)
N
Qy= > (sin(ngs)) (4.4)
i=1
¢; = arctan <yélum> (4.5)
cluster

)

where Njuster is the number FVTXS clusters in that event and ;...

and yélusterare the x and
y components of the ith FVTXS cluster in that event. At this point, this Q-vector is calculated

with no cluster dependent weight factor because each cluster is taken to be the representation of

one particle in each layer.
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For the BBCS, the Q-vector is calculated in each event as

NpmT

Q, = Z (w; cos(n;)) (4.6)
Vo

Qy= Y (w;sin(ng;)) (4.7)

=1

Npmr
Qu=Y (w) (4.8)
i=1
¢; = arctan <i§MT> (4.9)
PMT

where w; is the scaled charge collected on the PMT and Npyr is the number of PMTs that fired
(above threshold) in each event.

Finally, the v, are calculated using a combination of the BBCS or FVTX Q-vectors and the

CA tracks as
<<cos(n(¢CA _ \I/TJ?BCS,FVTXS))>>
Res(qlBBCS,FVTXS)

Un = (4.10)

In this analysis, we are concerned only with measuring the second-order harmonic vs.

4.2.1 Event Plane Resolution Calculation

As mentioned above, the event plane resolution is calculated using the standard 3-subevent
method [43]. The strategy of this method is to measure Wy with three different detectors in the
same event with the expectation that all three are measuring the same event plane angle. The

event plane resolution is defined as

Res(d) - \/<cos(2(\11‘24 — W5))) {cos(2(¥5 — UT)))

(cos(2(VF —05))) | N

where A B, and C are three detectors measuring the same event. Here, the term “subevent” refers
to the specific subset of particles measured by a given detector [43].

In this analysis, the three detectors used to provide the required three subevents are the
FVTX-south, the BBC-south, and the CA, which span pseudorapidity acceptances of —3 <n < —1,

—3.9 <n < 3.1, and |n| < 0.35, respectively. Figure shows the event-by-event relative difference
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Figure 4.7: Intermediate steps involved in calculating the event resolution. Raw difference between
the event plane angles for two different detectors (left). This distribution is triangular because it is
the result the cross-correlation of two nearly uniform distributions, ¥5VTXS and WBBCS. The cosine
of two times the difference between the two event plane angles. The average of this distribution is

used in Equation (right).

of UBBCS and WEVIXS  Unlike the BBCS and the FVTXS, the CA detector does not have full
azimuthal acceptance coverage. Therefore, the event plane angle cannot be reliably calculated with
this detector for events whose event plane points outside of the acceptance. In order to solve this
problem, we calculate the event plane resolution using a different, yet mathematically equivalent

formulation that does not make use of ¥CA | as given below for the WFVTXS.

Res(¥FVTXS) \/ (fcos(n(¥EYTS — 6©4)) {cos(n(WEVEXS —wBBCS))

({cos(n(¢@4 — WPBCS)))) ’

where there is a double average over each CA track and each event.

Table 4.4: The event plane angle resolutions for the FVTXS and the BBCS for the second and
third order harmonics.

Detector | n =2 | n=23
FVTXS | 0.216 | 0.010
BBCS 0.052 | 0.010
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4.2.2 Event Plane Flattening Calibration

In order for the event plane to be useful in making a v, measurement, the event plane angle
must be calibrated such that its distribution is uniform. For the event plane method, a physical
assumption is made that the true distribution of ¥,, angles will be uniform since physically there
is no preferred orientation of the collision. If the measured V,, distribution is not flat, we attribute
that behavior to variations in the efficiency of detecting charged particles as a function of ¢. Thus,
the event plane calibration procedure seeks to correct for these non-uniformities in acceptance, and
restore the W,, distribution to the physical expectation of uniformity. We employ a procedure to
re-center and flatten the measured non-uniform ¥,, distribution.

Figure 4.8] shows an example of Wy distributions for the BBCS at the different stages of
the calibration. The raw Wy (shown in red) has a significant deviation from uniformity which
needs to be corrected. The flattening calibration attempts to correct for this lack of uniformity by
shifting the Wy value of each individual event by an amount corresponding to the deviation of the
overall distribution for all events. Although this procedure results in a uniform W, distribution,
applying too large of a correction arising from an exceedingly distorted initial distribution can
lead to systematic effects on the vy measurement, which will be discussed in the next section.
Therefore, it is important to address any systematic effects that would affect the uniformity of the
Wy distribution.

The flattening calibration requires two steps to completely flatten the W,, distribution. The
first step of the calibration is to re-center the mean of the raw W,, distribution. The second step is
to Fourier transform the re-centered distribution and use the transformation to shift the W,, values
to a uniform distribution. With flattening, each V,, is transformed to ¥, + AV¥,,. AV, is defined

as
N

AV, = Z <f (sin(i @) F(f(¥n)) — cos(z'\I')Fism(f(\Iln))> , (4.13)

i=1

where N is the number of components, F°(f(x)) is the ith component of the cosine Fourier

transform of f(x), and f(¥,) is the ¥, distribution. For this analysis, N =12 is a sufficient
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Figure 4.8: This is the Wy distribution projected over all z-vertex bins at different steps during the
calibration. The top is from the FVTX south and the bottom is from the BBC south. The range
of the Wy resolution is from -5 to § because of the periodicity. The raw (in red) W9 distribution
has a sinusoidal shape. The re-centered (in green) Wq distribution moves the mean. The flattened
(in blue) ¥q distribution spreads out the counts so that there is uniformity. Each calibration step

preserves the integral.

number of components to flatten the ¥,, distribution. The re-centering and flattening calibration

is done in separate 30 z-vertex bins since the detector acceptance in ¢ will vary with z-vertex.
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4.3 East West v, Discrepancy

As discussed in the previous section, distortions in the raw Wy distribution can cause distor-
tions in the measurement of vy. In this section, we discuss how the beam alignment affects the raw

Wy distribution and how it can be corrected.
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Figure 4.9: First attempt at measuring ve(pr) with the event plane as calculated with the FVTXS
(top left) and the BBCS (bottom left) in the p+Au at /5 = 200 GeV dataset, using the default
resolution as shown in Table [£.4] The black points show vy measured using all CA tracks. The
blue and red points show vy measured using only tracks in the west and east arms, respectively.
The ratios are fit with a constant, whose value is shown in the legend.

As shown in Figure vy is different when measured using tracks in the west (—1 < ¢ < 1)

and east arm (2 < ¢ < 4) of the CA. This is a systematic effect explained by the colliding beams
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not being parallel to the longitudinal axis of PHENIX. When examining beam alignment effects
on the v measurement, we can quantify the east-west vy asymmetry by calculating R,, which is

calculated by:

_ S5 (pr)dpr
J vyt (pr)dpr

In Figure RUS‘VTXS can be extracted by taking the ratio of the numbers in the legend of the

R, (4.14)

upper right plot and RugBCS can be extracted the same way for the numbers in the bottom right
plot’s legend. The Rvgwxs = 1.61 while the RUIQBBCS = 0.43, indicating large east west asymmetry
in both measurements, although the difference in the BBCS is bigger. It is interesting to note that
the splitting of the east and west vy measurements goes in opposite directions for the BBCS as
compared to the FVTXS. To understand where the discrepancy in these vo measurements comes

from, we examine the effects of the beam alignment on the vy measurement.

4.4 Correcting for the Effects of Beam Alignment

As discussed in Section due to the nature of running p+Au at /5, = 200 GeV at
RHIC, the beam geometry was not in accordance with the PHENIX coordinate system. First of
all, the collision vertex is significantly offset from the z-axis to which all of the PHENIX detectors
are aligned. The other beam geometry effect, and the more significant of the two effects, comes
from the fact that the beams are colliding at an angle of 3.6 mRad in the x-z plane as show in
Figure [£.10] [61]. The reason a non-ideal beam geometry creates an east west vy measurement
difference is because of the assumption that the ideal event plane angle is azimuthally isotropic
during the event plane flattening calibration. In the translated and rotated frame where the beams
are aligned with the z-axis the event plane distribution would be uniform, but in the lab frame the
event plane distribution in ¢ would have regions of enhancement and reduction. The event plane
flattening calibration algorithm restores a non-uniform distribution to a uniform one; however,
if the true event plane distribution is non-uniform then forcing the measured distribution to be

uniform produces a systematic offset.
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3.6 mrad

Figure 4.10: Diagram illustrating the angle at which the yellow and blue beams collide relative
to the longitudinal z—axis of the detector. The yellow beam corresponds to the Au (south-going)
beam, and blue corresponds to the proton (north-going) beam. Due to the nature of running p+Au
collisions at /s = 200 GeV at RHIC, the beams collide at an angle of 3.6 mrad.

We correct for the offset of the collision vertex by shifting the origin of the PHENIX global
coordinate system to the true collision vertex. To correct for the effect of the beam angle, we apply
a global rotation of the PHENIX coordinate to align its longitudinal axis with that of the beams.
In practice, these transformations are accomplished by individually applying a global rotation and
translation to every CA track, FVTX cluster, and BBC PMT.

As shown in Figure .11}, applying these corrections prior to calculating vy reduces the mag-
nitude of the east-west discrepancy. The new R,UgVTXS = 1.43, and RUQBBcs = 0.66, are reduced
from the east-west difference measured without any corrections. However, even after rotating the
PHENIX global coordinate system to be in alignment with the beam axis when calculating Ws,
there is a residual effect from the beam rotation, which still affects the vy measurement.

To explain this effect, consider a cylindrical disk with a hole in the middle, centered about the
z-axis (in analogy to the shape of the FVTX and the BBC), as shown in the left plot of Figure m
In this geometry, all points along a ring of constant radius are at the same pseudorapidity. However,
if one were to tilt that disk, the pseudorapidity of points along that ring would be ¢ dependent.
The tilt of the disk changes its pseudorapidity acceptance and its extent. Now consider that it is
not the disk that is tilted but rather the beam orientation that is tilted. The previous statements
about the effect on the n range being ¢ dependent still apply.

The combination of the 7 acceptance changing and the 7 distribution of charged particles
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Figure 4.11: A corrected measurement of vy(pr) with the FVTXS (top two panels) and the BBCS
(bottom two panels) event plane for the p+Au /s, = 200 GeV. The default resolution as shown
in Table is used. The plotting conventions are the same as described in the caption of Figure
4.9

not being flat means that the average number of charged particles going through the disk would
be systematically ¢ dependent, as illustrated in Figure (right). If the average charged particle
distribution is not uniform in ¢, the event plane distribution will not be either. This results in the
flattening procedure creating systematic effects such as the east-west v asymmetry.

In order to correct for this effect, an additional weight factor is introduced for FVTX clusters
and BBC PMTs during the event plane calculation. This factor is such that hits in ¢ regions with
systematically fewer particles are given a larger weight, and correspondingly, hits in ¢ regions with

systematically more particles are weighted less. The introduction of this weighting as defined below
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Figure 4.12: (left) Cartoon diagram illustrating n acceptance shift due to a beam offset in one of
the FVTXS layers. (right) Pseudorapidity distribution of charged particles from the AMPT Monte
Carlo generator for p+Au /s, = 200 GeV, showing the shift in 7 acceptance.

does not formally change the event plane calculation, as a weight factor is already implemented in

its construction. The modified weight factor is:

w; = szF(¢7 Zvertex) (415)

where wZD is the default weighting associated with the detector element, and F(¢, zyertex) is the
multiplicative weighting to correct for the beam geometry. F'(¢, zyertex) is dependent on zyertex, in

addition to ¢, because 7 is dependent on the collision vertex.

4.4.1 Analytic Correction Method

One can analytically calculate this ¢ dependent weight factor using the geometry of the
FVTXS and BBCS as well as using the 7 distribution of charged particles. Unfortunately, the
n distribution of charged particles in p+Au /s, = 200 GeV has not been measured by an
experiment, so we must rely on models that cannot be fully checked. We can simulate 0-2 fm impact
parameter p+Au at /s, = 200 GeV events in AMPT and determine the simulated dN.,/dn as
shown in the right panel of Figure

The left panel of Figure shows the ¢ dependence of the 1 acceptance with a beam angle
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(solid line) and without a beam angle (dotted line). By taking the ratio of the 1 acceptance with a
beam angle to the 1 acceptance without a beam angle, for each ¢ angle we calculate the correction
factor shown in the right panel of Figure This correction factor is the multiplicative weight

factor w; as defined in the previous section.
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Figure 4.13: The modification of the n acceptance as a function of ¢ for the FVTX first layer (left)
and the calculated correction factor from this modification (right).

4.4.2 FVTX Inverse Phi Weighting

Another way to determine the weight factor is to use a data driven method of measuring
the extent to which each ¢ region in a detector has systematically more or less particles. Then an
inverse weighting based on this measurement is applied to the ¢ regions to correct the ¢ distribution
of the detector to uniformity.

For the FVTX implementation of this, first the rotation and offset correction are applied.
Then, the weight factor is determined by plotting all hits in a cylindrical disk detector vs ¢,
normalizing this distribution to one, and then inverting it. Applying this weight factor to the data
will produce uniform hit distributions in ¢ in each of the detectors to which it is applied. This will,
in turn, make the event plane distribution more uniform when measured in those detectors, thus
correcting for the effect. The added benefit of using this method is that it also corrects for efficient

and inefficient ¢ regions in the detector. In order to get rid of significant hot or cold ¢ regions,
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¢ regions with weight factors greater than 1.5 or less than 0.5 are set to 0.0. This correction is
done for each FVTX layer, in z-vertex bins, and on a run-by-run basis. The multiplicative weight

function F(@, zvertex) for the FVTX disks is defined as

<Ncluster (Zvertex , layer»
Ncluster(¢a Zvertex layer) ’

F(¢a Zvertex layeT) = (416)

where Nejuster (@, Zvertex, layer) is the number of FVTX clusters as a function of ¢, zyertex, and
FVTX layer and (Ncjuster (Zvertex, layer)) is the ¢ average of the number of clusters. The weighting
can be seen in Figure A comparison between the FVTX weighting and the analytic correction

is shown in Figure [4.15] The good agreement indicates the validity of the weighting.

4.4.3 BBC Charge Weighting

For the BBC, we used another data driven method to correct for the non-uniform particle
distribution. Using the distribution of particles in the BBC from the 2015 p+p /s = 200 dataset as
a baseline, we applied an inverse weighting much like the method described in the previous section.
In the p+p dataset, there was no issue with beams colliding at an angle and the average charge
across all 64 PMTs in the BBCS is uniform. In this method, the multiplicative weight function

F(PMT, zyertex) for the BBCS is defined as:

+
<Ngh(z€ge (Zvertex) >

F(PMT, 2yortex) = (4.17)
) +Au )
<Nghmge (PMT, zvertex)>
p+p.pt+Au - :
where (NG, .0 e (PMT, zyertex)) 1s the event averaged charge as a function of PMT and zyertex

for the p+p and p+Au datasets, respectively. This weight function is shown in Figure and is
applied directly to the event plane calculation using Equations and Although the weight
function could be defined as a function of ¢ like in the FVTX case, the positions of the PMTs in
the BBC are fixed and it is more direct to take the ratio between PMTs.

One effect of using this weighting method is that it will make the distribution of particles in
the BBC in ¢ and n uniform. This can be illustrated by looking at Figure It is apparent that

the p+p average charge is much more uniform than the p+Au average charge as a function of ¢ and
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FVTX Layer 1 FVTX Layer 2

Figure 4.14: These four panels show the FVTX ¢ dependent cluster weighting when calculating
the FVTX event plane for each layer separately for events when a collision vertex in z is around 0.
There are some ¢ regions where weight factor is outside of the dotted line bounds. This indicates
that either there was a severe deficit or excess of clusters measured in the region. Later, we will
examine the effect of keeping these regions or cutting them out on the vy measurement.

ring. After applying the p+p/p+Au ratio weighting, which is essentially dividing the left plot by
the right plot in Figure the PMT charges in ring 1 for the p4+Au dataset will be deweighted so
that their corrected average charge will be uniform in ¢, and in agreement with the average charge
for the other rings. If all the BBC rings have the same average charge, this means that the average
charge as a function of n for the BBC will be approximately uniform. This is one reason why
this method (p+p/p+Au ratio weighting) is preferred for the BBC, because the variations in the

average charge between the rings are normalized. One could apply the FVTX method of inverse ¢
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Figure 4.15: The black is the FVTX weighting and the blue is the analytic weighting. They have
good agreement.
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Figure 4.16: Shown here is BBC the multiplicative weight factor F' used when calculating the
modified event plane for events where the collision vertex in z is around 0. The y-axis is the weight
factor and the x-axis is the PMT number for the BBCS (there are 64 total in the BBCS).

weighting by inverting the right plot of Figure to find the weight function. However, although
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using only the p+Au dataset would normalize the average charge as a function of ¢, it would not
normalize the charge as a function of 1. Both methods are applied to the data and shown in the

next section.
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Figure 4.17: These plots depict the average PMT charge per event versus ¢ in the a) the p+p /s =
200 GeV and b) p+Au /s, = 200 GeV. The PMTs are separated by color, which corresponds to
the rings of approximate common radius as shown in Figure The left plot shows near uniformity
as a function of ¢ and ring. However, the right plot shows a significant deviation from uniformity
especially for the innermost rings (rings 1 and 2). In addition to the ¢ variation for the right plot,
the innermost rings have the largest average charge when compared to the other rings. This is in
part due to the fact the innermost rings cover a slightly larger n range. However, the innermost
rings in the left plot also cover the largest 1 range and do not exhibit this separation in rings.

4.4.4 Applying Weighting to v2

The previously discussed corrections are applied when calculating the raw \IIEVTXS used in the
vo measurement. Shown in Figure is the correction summary for the FVTXS vs measurement
where R pvrxs is the y-axis. The first column, which corresponds to R pvrxs calculated using
FVTXS layers 1, 2, and 4, with layer 3 being excluded, is explained shortly. The black, red,
blue, and green points correspond to no weighting, analytic weighting, inverse ¢ weighting, and
inverse ¢ weighting with cuts, respectively. Compared to the Rvg\/TXS calculated with no weighting,
RU§VTXS calculated with each of the corrections brings the ratio quantity closer to 1.0, indicating

the weighting techniques are working. In order to better understand the effect of the corrections,
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RUQFVsz is measured separately with each FVTXS layer. The rationale for this exclusion is due

to FVTXS layer 3’s unusual behavior in relation to the other FVTXS layers. As we go from layer

1 to layer 4, the RUSVTXS generally is trending downward except for layer 3. Although the reason

for this was never definitively determined, it is likely there is some issue with the layer data due
FVTXS

to electronic or detector problems. Thus, the measurement of vs is calculated without any

clusters in the third layer.
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Figure 4.18: Plotted is the FVTXS correction summary where the y-axis is the east/west v ratio
and the x-axis is the different subset of clusters used to calculate the v9. The black markers
correspond to the default corrections. The red boxes correspond to the corrections with the analytic
weighting shown in Figure [f.13] The blue diamonds are the FVTX inverse ¢ weighting as shown
is section Finally, the green crosses correspond to the same as the blue diamonds except
an additional hot-cold filter of 20% was applied. The first column is using all the FVTXS layers
except for the 3rd layer (explained in the text). So the first columns should be approximately the
average of columns 2, 3, and 5. Columns 2 through 5 show the ratio calculated from clusters only
in that layer.

Similarly, Figure is the correction summary for the BBCS vy measurement where Rv‘;BCS
is the y-axis. The first column corresponds to R,UQBBCS calculated using all five BBCS rings. Com-
pared to the R,UQBBCS when calculated with no weighting, Rv123Bcs when calculated with the data

driven and p+p/p+Au ratio weighting is modestly closer to 1.0. By looking at RU123BCS calculated
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with PMTs in individual BBCS rings for the weighted points, Rv;;scs is generally trending down-
ward as a function of ring number. Applying the weighting corrections to Rv]23BCS calculated by ring
1, the innermost ring, over-corrects RvEBCS- This may be explained by the fact that ring 1 covers
the largest 7 acceptance range, causing the correction to be inconsistent. The reason ring 1 is not
excluded from the inclusive vy calculation, like the FVTXS layer 3 is excluded, is because there is
no reasonable justification to exclude it other than its over-corrected Rvéchs values. While FVTXS
layer 3 breaks the trend of Rv2FVTXS decreasing, BBCS ring 1 follows the Rvchs ring trend. See
appendix |A| for the full vo(pr) measurements for each event plane detector, each correction, and

each layer or ring.
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Figure 4.19: Plotted is the BBC correction summary where the y-axis is the east/west vo ratio and
the z-axis is the different subset of PMTs used to calculate the vo. The black markers correspond
to the default corrections. The red boxes correspond to the corrections with the analytic weighting
shown in Figure[4.13] Finally, the blue diamonds correspond to the BBC inverse ¢ charge weighting
as shown in Section The first column is the quantity calculated from all PMTs. Columns
2 through 6 are using PMTs from certain rings as defined in Figure Ring 1 is the hardest to
correct. The first column should approximately be the average of all the other columns.

Figure shows the vo(pr) with the inverse ¢ weighting and 20% cut from Figure This

figure also shows vy (pr) with the pp/pAu ratio weighting from Figure Although the east and
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BBCS FVTXS
2 2

west v measurements do not collapse together like the east and west v measurements,
the result is good enough to be incorporated in our systematics uncertainties. Due to the fact
that R rvrxs is corrected to within +10% and the fact that vEVTXS(pr) has a smaller statistical
uncertainty, the primary ve(pr) measurement is done using the FVTXS.
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Figure 4.20: FVTXS v2 event plane measurement corrected with inverse ¢ weighting and 20%
cut with FVTXS layer 3 excluded (top) and BBCS vy event plane measurement corrected with
p+p/p+Au ratio weighting (bottom).

In order to estimate the contribution of this systematic uncertainty, we assume the true v
value is absolutely bounded between the separate east and west measurements and we assume that
the probability distribution for vy is uniformly distributed between the upper and lower bounds.
Thus, we calculate the point-by-point absolute value of v§?* minus the vy** divided by V/12, which
is the RMS width of an uniform distribution. By using the best corrected BBCS vy measurement

in this calculation, we assign a value of 5% for this systematic uncertainty.
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4.5 Other Sources of Systematic Uncertainty

In this section, other sources of systematic uncertainty are described and the sum of the

systematic uncertainties are shown.

4.5.1 Effect of Event Pile-Up

Pile-up events occur when there are two or more collisions within the same bunch crossing.

Pile-up events are an issue for this analysis because they:

(1) are erroneously included into the 0-5% centrality selection due to two low multiplicity

collisions looking like a high multiplicity collision,

(2) and reduce the value of vy because the event plane angle from one collision will be different
than the event plane angle in the other collision, such that correlations calculated by using
particles produced from the two collisions are random and will dilute the real correlations,

thereby reducing the flow signal.

In order to filter pile-up events we look at the distribution of BBC PMT timing values as
seen in Figure A normal event is strongly peaked at 0 while a pile-up event has a broad
distribution and may not be centered at 0. We developed an algorithm to efficiently filter pile-up
events by analyzing the BBC PMT timing value distribution event by event. When the vy values
are compared with and without the filter, a difference of 4% is seen.

Pile-up events occur at a rate of 8% in 0-5% central p+Au collisions. Low-luminosity and
high-luminosity subsets of the data were analyzed, and the systematic uncertainty was determined

to be fégg, since the vy was found to decrease in the events that contain a pile-up as expected.

4.5.2 Event Plane Detectors

We expect that the value of vy should be consistent when measured in different detectors,

after applying corrections. Any remaining difference of vy measured independently in the FVTXS
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Figure 4.21: The distribution of BBC PMT timing values. The x-axis is the difference between the
southern BBC PMT t; — the mean ¢y in the south. An example of a normal event (left) and an
example pile-up event (right), are shown.

and BBCS indicates a source of systematic uncertainty. The difference is calculated after applying
corrections to beam alignment vy, as shown in Figure [£.22] The right panel of the figure shows the

average difference to be around 0.97. Thus, the systematic uncertainty estimated is +3%.
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Figure 4.22: wvy(pr) measured separately in the BBCS and the FVTXS after beam alignment
corrections (left) and the ratio of v5 VTXS to vBBCS (right). The red line is the average of the ratio
across pr.

4.5.3 Track Background

The set of tracks that are used in this analysis come from central arm tracks which are
known to have a track background of 2.0%. The track background from photonic conversions and

weak decays, and mis-reconstructed tracks, which we estimate at 2% relative to vy by varying the
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windows in the PC3 matching variables from 30 to 20.

4.5.4 Effects of Non-Flow

As discussed in Chapter 2, non-flow is a catch-all term used to categorize all types of angular
correlations which do not arise from hydrodynamic flow and are not related to the initial collision
geometry. Non-flow constitutes a significant background to our measurement. There are several

known sources of non-flow:

(1) hard scattering events producing dijets,
(2) initial state correlations between target and projectile,
(3) decay chains of exotic particles,

(4) momentum conservation.

Figure [4.23|shows the characteristic two-particle correlations arising from non-flow associated
with dijets. The near-side peak at (0,0) is from the cone of particles in a single jet all at a similar
location in 1 and ¢. The awayside ridge around ¢ = 7 originates from particles pairs, where
each particle belongs to a different jet. The two jets are completely back-to-back in A¢, but have
a spread in An. This correlation function yields a substantial co very similar to that from the
hydrodynamic flow signal we are seeking. In order to minimize the contribution of dijet events,
the standard flow analysis procedure is to select regions outside of the red dotted lines seen in
Figure (IAn| > Mimin, where npy, is usually on the order of 1.0 units of pseudorapidity).

In order to estimate the degree of presence of non-flow, we can measure the ¢y from p+p
events which should be devoid of any hydrodynamic flow but should have many of the sources of
non-flow present. In order to compare p+p with p+Au, we must scale-up the p+p quantity by the
dilution factor defined in Equation [£.18] The scaled down reference ¢z is shown as blue squares in
Fig. panel a). The ratio of ¢z in the scaled-down p+p reference to that in p+Au is shown in

panel b).
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A

Figure 4.23: 2D profile of a correlation function in AnA¢ space of a dijet event. The area bounded
by red dotted lines represents the exclusion zone in An, such that the measurement is made only
using data from outside of the exclusion zone to reduce non-flow contributions.

From this ratio, as calculated in Equation it can be seen that the relative correlation
strength in p+Au from elementary processes is at most 23% at the highest py. Since this procedure
constitutes an approximation to quantify the non-flow correlation strength, it is not subtracted from
the total signal, instead it is treated as a source of systematic uncertainty. Even though the p+Au
and the p+p baseline data were collected in different years, such that potential changes in detector
performance could affect our results, it was verified that using p+p data from various run periods
has an effect of at most 3% on the calculated non-flow contribution. The non-flow correlations
which enhance the vy, whose contribution we estimate from Figure assigning a pp-dependent

asymmetric uncertainty with a maximum value of 19,%

S QBBC—S)p+p
QPP pau

CgAu elementary(pT) ~ Cg+p(pT) (4.18)
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Figure 4.24: (a) The second order harmonic coefficients co(pr) for long range angular correlations
in 0%-5% p+Au collisions, as well as for minimum bias p+p collisions. The latter are scaled down
by the factor (3 QBBC‘S)p+p /(> QBBC‘S)pAu. (b) The ratio of the two harmonics is plotted with
the corresponding statistical errors.

4.6 Systematic Uncertainties Summary

Table summarizes the sources of systematic uncertainty for the vo measurement. Each of

these systematic uncertainties are categorized by type:
(1) point-to-point uncorrelated between pr bins,
(2) point-to-point correlated between pp bins,

(3) overall normalization uncertainty in which all points are scaled by the same multiplicative

factor.

We total the five sources of systematic uncertainty, by adding them in quadrature. The total
systematic uncertainty varies from J_FI?,% at low pr to tgs% at high pr. Now that the systematic

uncertainties have been estimated, we show the vs physics result in the next chapter.
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Table 4.5: Systematic uncertainties given as a percent of the vs measurement. Note that the non-
flow contribution is pr dependent and the value here quoted corresponds to the highest measured

pr.

Source Systematic Uncertainty Type
Track Background 2% 1
Event Pile-up 9 2
Non-Flow 0% 2
Beam Angle 5% 3
Event Plane Detectors 3% 3




Chapter 5

Results and Discussion

The vy measurement for p+Au at /s, = 200 GeV 0-5% centrality completes the set of
flow measurements in the small systems available at RHIC: p+Au, d+Au, and *He+Au. The goal
of this set of measurements is to determine the effect of varying initial collision conditions on the

resulting flow.

5.1 vy Measurement

The resulting vy measurement for p+Au at /s, = 200 GeV 0-5% centrality is shown in
Figure The systematic uncertainty varies from fz3% at low pr to _,__;3% at high ppr, where
the asymmetric uncertainty is dominated by non-flow contributions. The fact that the non-flow

dominates the systematic uncertainty warrants further discussion on the treatment of non-flow.

5.1.1 Non-flow Contribution

As was discussed in Section 4.4.2, the non-flow systematic uncertainty can instead be thought
of as a systematic error that can be corrected for in our measurement. To further explore this non-
flow effect, Figure shows what the p+Au measurement looks like by subtracting the non-flow
effect rather than treating it as an uncertainty. Due to non-flow being the dominant source of
systematic uncertainty, the corrected p+Au points are nearly at the bottom of the systematic
uncertainty boxes of the uncorrected points. The substantial changes this correction makes to the

p+Au points, especially at high pr, must be put in context of the field of heavy ion physics. This
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Figure 5.1: The v measurement of p+Au at /s,y = 200 GeV 0-5% centrality.

procedure to estimate the contribution of elementary processes to the measured vy signal is an
attempt at an accurate approximation. Although the non-flow approximation used in this thesis
has its merits, there is currently no consensus in the field regarding how to properly quantify how
much of the vy corresponds to “flow” and how much corresponds to “non-flow.” Other experimental
collaborations making flow measurements, such as STAR, ATLAS, ALICE, and CMS treat non-
flow in different ways [62]. Therefore, we chose to explicitly state our methodology to estimate this

non-flow and to treat it as a systematic effect that raises the measured wvs.

5.2 Comparison with Other Species at /s, = 200 GeV 0-5% Centrality

The substantial vg in p+Au at /s, = 200 GeV is interesting in itself but the significance

of the measurement is best understood by comparing it to other small collision system results,
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Figure 5.2: The vy measurement of p+Au at /s = 200 GeV 0-5% centrality with the statistical
and systematic errors corresponding to the bars and the boxes respectively. The stars are the
same p+Au points but with the non-flow estimate subtracted rather than treated as a systematic
uncertainty.

specifically *He+Au [23] and d+Au [23] at the same V/Syx- Inorder to properly make the strongest
physics statement possible in this comparison, we attempt to hold as many variables constant across
all three datasets. Table[5.1]compares the various relevant parameters for the three collision species.
As shown in the table, the FVTXs was not used in the d+Au measurement unlike for the p+Au and
3He+Au due to the fact that the FVTX was not installed in 2008 when the d+Au measurement
was taken. The table also highlights the fact that dN.,/dn, the n dependence of the charged
particle multiplicity, has not been measured in p+Au /s, = 200 GeV, in contrast to 3He+4Au
and d+Au. This fact is relevant because mid-rapidity dN,p,/dn is an input to the SONIC model
for the purposes of multiplicity matching, as discussed in the next section. Among the differences

across the columns, the largest is the lack of a non-flow estimate for the d+Au dataset. In the
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interest of measurement compatibility, and for the reason stated in the previous section, there is

no non-flow correction applied to any of the datasets.

Table 5.1: Dataset Variables Comparison listed in order: center of mass energy per nucleon, cen-
trality, mid-rapidity charged particle multiplicity per unit of pseudorapidity from [4], year, trigger
(as defined in section particle sample, trigger particle acceptance, event plane determination,
W, Resolution, condition of available non-flow estimate.

] Variable \ p+Au d+Au 3He+Au
Vyw (GeV) 200 200 200
Centrality 0-5% 0-5% 0-5%
Mid-rapidity dNp/dn N/A 20.8 £ 1.5 26.3 £ 1.8
Year (collected) 2015 2008 2014
Trigger Particle Sample Charged Hadrons Charged Hadrons Charged Hadrons
Trigger Particle Acceptance In| < 0.35 In| < 0.35 In| < 0.35
Event Plane -3<n <-1 (FVTXs) | -3.7<n <-3.1 (MPCs) | -3< n <-1 (FVTXs)
U5 Resolution 0.171 0.14 0.274
Non-flow Estimate yes no yes

Figure shows the vy(pr) measurements in the three systems. All three measurements
exhibit substantial vy values that rise as a function of py with a similar shape. Within the error
bars of each measurement, the 3He+Au and d+Au measurements agree and the p+Au measurement
is substantially lower. This effect is especially clear at low pp, where bulk effects would be most
dominant. In order to understand the significance of this set of measurements, comparison to

standard theoretical models are useful.

5.3 Comparison with Theory

Figure shows vg(pr) for the three systems and vo(pr) calculations for each system from
the SONIC hydrodynamic model [33], which uses the Monte Carlo Glauber (MC-Glauber) initial
conditions and viscous hydrodynamics with 7/s = 0.08, and a hadronic cascade temperature of
T = 170 MeV. The scale of each collision system in these calculations is taken as charged particle
multiplicity at mid-rapidity and the values for 0-5% centrality are 10.0, 20.0, and 27.0, for p+Au,

d+Au, and *He+Au collisions, respectively [33]. As mentioned above, the dN,,/dn remains un-
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Figure 5.3: v of charged hadrons within || < 0.35 in 0-5% centrality p+Au at /s,y = 200
GeV events compared to the vy of charged hadrons in 0-5% centralityd+Au and He+Au events

at /vy = 200 GeV.

measured for p+Au; the 10.0 was obtained by extrapolating from measurements in the other two
collision systems [33]. The SONIC calculation incorporates the in the initial collision geometry
and the relative medium size for the three systems. For each collision system, there is an excellent
agreement within the uncertainties of the measured and the simulated vy. This agreement be-
tween data and hydrodynamic calculation strongly supports the notion of initial geometry coupled
to the hydrodynamic evolution of the medium as a valid framework to understand small system

collectivity.
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Figure 5.4: vo of charged hadrons within |n| < 0.35 in 0-5% p+Au, d+Au, and 3He+Au central
collisions, compared to hydrodynamic calculations using the SONIC model, matched to the same
multiplicity as the data. Note that the data points shown include non-flow contributions, whose
estimated magnitude is accounted for in the asymmetric systematic uncertainties.

5.3.1 Initial Conditions and Eccentricity

In order to better understand the comparison of the three systems, a deeper understanding
of the initial conditions is warranted. One critical quantity to characterize the initial collision
symmetry is known as the eccentricity. As mentioned in Chapter 2, the second order eccentricity,

€9, can be calculated from the distribution of the nucleons involved in the initial collision as:

V(12 cos 2¢)? + (r? sin 2¢)?2
(r?) ’

where r is the radial nucleon position relative to the centroid of the participants and ¢ is the

(5.1)

g9 =

azimuthal angle of the nucleons [44].
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The significance of €9 is that vy should be proportional to €9 if the vy is primarily from
elliptical flow. Table shows €9 calculations from the MC-Glauber and IP-Glasma models. The
€9 values can be understood by looking at the top three panels of Figure which show the spatial
distribution of the energy density of the collisions for the p+Au, d+Au, and 3He+Au from left to
right. It is noteworthy that the eccentricities of d+Au and 3He+Au collisions are largely based
on relative nucleon orientation, whereas the initial condition of p+Au is solely based on the shape
of the lone proton projectile and any fluctuations in the target gold nucleus. Table illustrates
the uniqueness of the p+Au system by showing the diverging values of €2 which can be calculated
by IP-Glasma and MC-Glauber. Unlike MC-Glauber, IP-Glasma generates very circular initial
conditions for p+Au, which correspond to very small €5 values. For d+Au and 3He+Au, the
presence of multiple hot spots wash out differences in single nucleon initial conditions, and thus
IP-Glasma and MC-Glauber agree at the 10% level.

While the top three panels of Figure [5.5] are examples of initial energy density distributions
for the three systems, the bottom three panels are the energy density distributions of the system
after a medium has been formed and time evolved hydrodynamically. For the cases of d4+Au and
3He+Au, the initial hot spot orientation is translated into an inverted orientation. This is due
to the fact that the medium is produced with the highest energy density at places where the
expanding hotspots overlap. The expanding hotspots create a substantial final state elliptical flow
with an event plane angle relative to the spatial orientation of the initial hotspots. For example,
in the d+Au collision, the event plane vector is transverse to the line that connects the deuteron’s

nucleons.

Table 5.2: Initial eccentricity e of small systems at /s,y = 200 GeV for 0-5% centrality from
MC-Glauber initial conditions smeared with a two-dimensional Gaussian of width ¢ = 0.4 fm, and
IP-Glasma initial conditions.

p+Au d+Au 3He+Au
MC-Glauber (e5) 0.234+0.01 0.54+0.04 0.50 4 0.02
IP-Glasma (e2)  0.10£0.02 0.59+0.01 0.55+0.01
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Figure 5.5: The top three panes show the transverse spatial locations of the initial hot spots of
the three collision species, p+Au, d+Au, and 3He+Au, respectively. The bottom three plots show
the resulting medium produced from the overlapping hot spots as well as the resulting particle
momentum vector field as calculated from a hydrodynamic model, calculation details in [31]

In order to study the effect of initial conditions on our v measurement, the vo curves are
divided by their corresponding €5 from Table[5.2] with the goal of establishing a scaling between the
vy and e9. In ideal (/s = 0) hydrodynamics with long lived systems, v2/e2 should be independent
of 2. Figure [5.6] shows that this ratio is not constant across the three collision systems.

Figure gives insight into the relation between initial collision eccentricities, as defined in
Equation [5.1) as they are transformed into final state flow. The plot was produced by running
many events for p+Au, d+Au, and *He+Au systems with different initial spatial distribution
smearing (i.e. different £3). The final freeze-out hyper-surface of each event is then translated into
a distribution of hadrons via the Cooper-Frye freeze-out technique [49]. Figure shows the pion
vy at pr = 1.0 GeV/c divided by e2 as a function of ey for each individual p+Au, d+Au, and

3He+Au event. The figure shows a reasonably common scaling of vy /ey for all three systems with
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Figure 5.6: vo of charged hadrons within || < 0.35 in 0-5% p+Au, d+Au, and 3He+Au central
collisions, divided by their corresponding eccentricity €s from MC-Glauber calculations, compared
to SONIC calculations of the same quantity. Note that the data points shown include non-flow
contributions, whose estimated magnitude is accounted for in the asymmetric systematic uncer-
tainties.

the d+Au and 3He+Au simply extending to larger eccentricities. There are a small set of events
with very large €2, but have a rather small final vs. Examination of these events reveals them to be
d+Au events where the two hot spots are so far apart that the hydrodynamic fluids never connect
during the time evolution, as seen in the overlay in Figure therefore produce almost no elliptic
flow. There are fewer 3He+Au in this category, seen where two nucleons are very close and the
third is quite far away, again having the same effect.

Although MC-Glauber and IP-Glasma are the established models for calculating initial con-
ditions in this context, new models for calculating the initial conditions are promising. There exists
a model for initial conditions that includes more degrees of freedom by modifying the MC-Glauber

approach to additionally incorporate collisions between constituent quarks increasing the granular-
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Figure 5.7: vy /g9 versus ey with the flow coefficient for pions evaluated at pr = 1.0 GeV/c from
p+Au, d+Au, and 3He4Au central (b < 2 fm) events (which roughly corresponds to 0-5% cen-
trality). The results are with input parameters n/s = 1/47 and initial Gaussian smearing o = 0.4
fm and a freeze-out temperature of Tp = 150 MeV. Diagrams of two possible d+Au initial con-
figurations are overlayed on top of the plot. Increasing distance between the two d+Au nucleons
correspond to a larger €2 [1].

ity of the simulation [63]. In the rightmost panel of Figure the initial eccentricities €2 in p+Au,
d+Au, and 3He+Au, obtained by incorporating constituent quarks, in addition to multiplicity fluc-
tuations, are found to be g5 = 0.42, 0.54, and 0.54, respectively. The 5 of d+Au and *He+Au
systems show minimal sensitivity to the incorporation of constituent quarks and multiplicity fluc-
tuations. However, p+Au has a substantially larger 5 than in the models shown in Table when
accounting these effects. Another attempt at the calculation incorporating constituent quarks and
multiplicity presents calculations in which lower value of e = 0.34 is obtained for p+Au [32]. This
result shows that when compared to the MC-Glauber g5 for p+Au in Table quark-level de-
grees of freedom and multiplicity fluctuations may both play a significant role. In addition to the
constituent MC Glauber, it is worth mentioning that an intriguing method for understanding the
initial conditions in p4+Au comes from event-by-event fluctuations of the shape of the proton, as

described in Ref [64].
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Figure 5.8: Centrality dependence of 5 calculated in a variety of small collision systems with
a variety of models for collision detection [disklike (left), Gaussian (middle), quark-subdivided
nucleons with o4 = 0.3 fm (right)] [32].

5.3.2 Comparison to Alternative Models

Although hydrodynamic models like SONIC, that incorporate MC-Glauber plus relativistic
hydrodynamics, are the standard in which elliptical flow is understood in the field of heavy ions, it
is important to test the consistency of other models with our data. Figure depicts the measured
va(pr) data curves with four different model comparisons. Theoretical predictions were available
at the time of measurement, specifically from hydrodynamics with MC-Glauber initial conditions
(SONIC [65] and SuperSONIC [52]), hydrodynamics with IP-Glasma initial conditions [31], and
A-Multi-Phase-Transport Model (AMPT) [53]. The SuperSONIC model uses the same technique
for initial conditions, hydrodynamic expansion, and hadronic cascade as SONIC, yet additionally
incorporates pre-equilibrium dynamics with a calculation in the framework of the AdS/CFT cor-
respondence [66].

As mentioned in Chapter 2, calculations using IP-Glasma initial conditions with viscous
hydrodynamics describe collectivity in large collision systems, so it is reasonable to apply IP-
Glasma to vy in small systems. For the model of IP-Glasma+Hydro, in the case of d+Au and

3He+Au, a better agreement with data can be achieved by modifying the value of 1/s. However,
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doing so would lower the prediction for p+Au even further. This demonstrates that IP-Glasma does
not produce the correct initial conditions which are consistent to measured vy via hydrodynamic
flow.

SONIC and SuperSONIC both agree well with the data of all three systems. As mentioned
above, the agreement of hydrodynamic models supports the idea of initial geometry as the driver of
the v signal. Additionally, the three different initial geometries provided by the datasets are useful
in constraining the parameters in the SONIC and SuperSONIC models such as 1/s, the transition
temperature to a hadron cascade, and the MC-Glauber smearing of nucleon coordinates of ¢ = 0.4
fm.

The last model to consider is AMPT, which is as described in Chapter 2. AMPT events with
impact parameter b < 2 have a midrapidity dN.,/dn = 8.1, 14.8, and 20.7 for p+Au, d+Au, and
3He+Au, respectively. AMPT uses the same MC-Glauber initial conditions used to characterize
event geometry as in SONIC or SuperSONIC. However, AMPT makes use of the initial MC-Glauber
geometry information to compute vq relative to the participant plane [67]. Elliptic flow calculations
from AMPT events agree reasonably well with the data below pr ~ 1 GeV/c, yet under predict
them at higher py. Although AMPT does not describe the data as well as SONIC, AMPT does

describe the data of a variety of systems at RHIC and the LHC [68].
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Figure 5.9: Transverse momentum dependence of v in central 0-5% (a) p+Au, (b) d+Au, and
(c) 3He+Au collisions at VSxy = 200 GeV. Theoretical calculations from AMPT, SuperSONIC,
and IP-Glasma+Hydro are shown in each panel. Note that the data points shown include non-flow
contributions, whose estimated magnitude is accounted for in the asymmetric systematic uncer-
tainties.



Chapter 6

Summary and Outlook

In this thesis, we have measured the elliptic flow in 0-5% centrality p+Au collisions at /s, 5
= 200 GeV. The elliptic flow is quantified by measuring the second-order flow coefficient vy defined

as:

(cos2(¢p — Wy))

Res(¥y) 7 (6.1)

Vo =

where ¢ is the azimuthal angle of charged hadrons at mid-rapidity, ¥y is the second-order event
plane determined at backwards rapidity (Au-going direction), and Resolution(¥s) is the event plane
resolution. This procedure is detailed in Section 4.2.1.

The measurement of ve(pr), as a function of transverse momentum, in 0-5% centrality p+Au
at /syy = 200 GeV collisions completes a set of measurements with engineered initial geometries
at RHIC, including the p+Au, d+Au, and 3He+Au as shown in Figure Sources of systematic
uncertainty have been described in detail in Chapter 4, Section 4.5, with the non-flow being the
dominant source of systematic uncertainty. The measured va(pr) in p+Au at /5 = 200 GeV is in
agreement with Monte Carlo Glauber initial conditions plus relativistic hydrodynamics (SONIC),
as also shown in Figure[6.1] The agreement of v with a hydrodynamic model is an indication that
the initial state geometry becomes transformed into a final state momentum anisotropy in 0-5%
ptAuat /s, = 200 GeV collisions.

In order to properly compare the vy of p+Au, d4+Au, and *He+Au at VSy~n = 200 GeV for
each system, we have compared the average second-order eccentricity €2 of the initial collision, as

defined in Section 5.3.1. If the measured vy is primarily from hydrodynamic flow, i.e. minimal levels



106

L L L O L L B

0-27—5 = p+Au 200 GeV 0-5%
0.2F ™ d+Au 200 GeV 0-5%
F = °He+tAu 200 GeV 0-5%
0.18 B8 SONIC p+Au
[ BB SONIC d+Au
0'16; B SONIC ®He+Au
0.14F . ' ]
i . ¥ =
>N0.12: P ]
0.1~ ) " =
0.08[- . =
0.06F _ g -
0041 PHENIX -
0.02 -
O: 111 l ) l ) l ) l ) l ) l 11| :
0.5 1 1.5 2 2.5 35

pT(GeV/c)

Figure 6.1: vy of charged hadrons within |n| < 0.35 in 0-5% centrality p+Au, d+Au, and 3He+Au
at \/Syy = 200 GeV, compared with hydrodynamic calculations using the SONIC model, matched
to the same multiplicity as the data [33].

of non-flow, then vy o €9. Thus, the MC-Glauber 5 for p+Au, d+Au, and 3He+Au being 0.23,
d+Au
2

~

0.54, and 0.50, respectively, implies the ordering of vy of the three systems should be v
U;’He+Au > vé) +Au7 which is what is observed in Figure

Future work is being done in analyzing small collision systems recently run (in 2016) at
RHIC: d+Au at /s, = 200, 62.4, 39, and 19.6 GeV. By measuring the elliptic flow in this d+Au
beam energy scan, information on the effect of varying the initial temperature and the lifetime
of the medium can be obtained. It is noteworthy that even at low /s for d+Au collisions,
hydrodynamic simulations predict that the space-time volume of QGP is not negligible, as shown
in Figure [34]. In fact, the calculated space-time volume of the medium at /5, = 19.6 GeV
is roughly half of the calculated space-time volume for /s = 200 GeV, indicating that there is
a reasonable expectation to see some evidence of a QGP medium forming in d+Au collisions event

at /Syy = 19.6 GeV.

Predications have been made of the vy for the various energies of the d+Au beam energy
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Figure 6.2: The total space-time volume as a function of /s in heavy ion collisions calculated
by a hydrodynamic model [34].

scan by using the SONIC, superSONIC, and AMPT models; these models are described in Chapter
2. Figure [6.3] shows predictions for vy in the four different energy collsions. The SONIC and
superSONIC models (the hydrodynamic models) both predict that there will be a sizable v at
all (/s systems and that the vy will have a positive /s, dependence across all pr. AMPT,
a non-hydrodynamic model, predicts a similarly large vs across the different energies with only a
modest /s, dependence for pr ~ 1.0 GeV/c and less. The differences between the SONIC and
superSONIC vy and the AMPT vy at pr > 1.0 GeV/c is further explored in Ref [34]. The future
measurement of elliptic flow in the d+Au beam energy scan datasets, along with the measurement
of the completion of the set of three measurements made in this thesis, furthers our understanding

of the phenomena of QGP in small collision systems.
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Appendix A

ve(pr) with Different U, Weighting

In this appendix, we show the vy (pr) measurement with the FVTXS and BBCS event plane

with various corrections which are described in Chapter 4. We show vy (pr) for each layer of the

FVTX and each ring of the BBC separately.
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Figure A.1: FVTXS event plane measurement with default correction and FVTX layers 1, 2, and
4 of va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).
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Figure A.2: FVTXS event plane measurement with inverse ¢ weighting and FVTX layers 1, 2, and
4 of vy(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).
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Figure A.3: FVTXS event plane measurement with analytic weighting and a 20% cut and FVTX
layers 1, 2, and 4 of va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east
and west vy measurements to the inclusive vy (right).
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Figure A.4: FVTXS event plane measurement with inverse ¢ weighting and a 20% cut and FVTX
layers 1, 2, and 4 of va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east
and west vy measurements to the inclusive vy (right).
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Figure A.5: FVTXS event plane measurement with default correction and FVTX layer 1 of va(pr)
with the for the p+Au /5, = 200 GeV (left) and the ratio of the east and west vy measurements
to the inclusive vy (right).
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Figure A.6: FVTXS event plane measurement with inverse ¢ weighting and FVTX layer 1 of va(pr)
with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west vy measurements
to the inclusive vy (right).
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Figure A.7: FVTXS event plane measurement with analytic weighting and a 20% cut and FVTX
layer 1 of va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west
vy measurements to the inclusive vy (right).
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FVTX Layer 1 Corrected Ratio Plot
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Figure A.8: FVTXS event plane measurement with inverse ¢ weighting and a 20% cut and FVTX
layer 1 of va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west
v9 measurements to the inclusive vy (right).
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Figure A.9: FVTXS event plane measurement with default correction and FVTX layer 2 of va(pr)
with the for the p+Au /5, = 200 GeV (left) and the ratio of the east and west vy measurements
to the inclusive vy (right).

FVTX Layer 2 Corrected Ratio Plot
o 18
L |eeaste % 16 | —©— East/Inclusive - Average: 0.97
002 |5 westve 585+ F | —&— West/Inclusive - Average: 1.04
X 14
F |4 inclusive v2 _0_28;"' >
0015~ - 20 ¢ -
r ;8; 1= = _m ").}'-&r
Eeg Eoav el
== E~
0.01— E
- o3
_ = o6l
0005  =@= u
= o
1 1 1 1 1 1 E 1 1 1 1 1 1 |
== o
0 05 1 15 2 <70 05 1 15 2

25 3 25 3
pT (GeVic) pT (GeV/ic)

Figure A.10: FVTXS event plane measurement with inverse ¢ weighting and FVTX layer 2 of
va(pr) with the for the p+Au /s,y = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).
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Figure A.11: FVTXS event plane measurement with analytic weighting and a 20% cut and FVTX
layer 2 of va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west
v9 measurements to the inclusive vy (right).
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Figure A.12: FVTXS event plane measurement with inverse ¢ weighting and a 20% cut and FVTX
layer 2 of va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west
vy measurements to the inclusive vy (right).
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Figure A.13: FVTXS event plane measurement with default correction and FVTX layer 3 of va(pr)
with the for the p+Au /5, = 200 GeV (left) and the ratio of the east and west vy measurements
to the inclusive vg (right).
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Figure A.14: FVTXS event plane measurement with inverse ¢ weighting and FVTX layer 3 of
va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).
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Figure A.15: FVTXS event plane measurement with analytic weighting and a 20% cut and FVTX
layer 3 of va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west
vg measurements to the inclusive vy (right).
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Figure A.16: FVTXS event plane measurement with inverse ¢ weighting and a 20% cut and FVTX
layer 3 of va(pr) with the for the p+Au /s,y = 200 GeV (left) and the ratio of the east and west
vg measurements to the inclusive vy (right).
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Figure A.17: FVTXS event plane measurement with default correction and FVTX layer 4 of va(pr)
with the for the p+Au /5, = 200 GeV (left) and the ratio of the east and west vy measurements
to the inclusive vg (right).
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Figure A.18: FVTXS event plane measurement with inverse ¢ weighting and FVTX layer 4 of
va(pr) with the for the p+Au /s,y = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).
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Figure A.19: FVTXS event plane measurement with analytic weighting and a 20% cut and FVTX
layer 4 of va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west
vy measurements to the inclusive vy (right).

FVTX Layer 4 Corrected
@
S Eastv2
002 [ | westv2
E i Inclusive v2
0.015— O g -
N 0ﬁ:8: -
0.01 - -
Tt oS
[ o
0.005 - _O;BZ
o &
offE I I I ! ! 1
0 05 1 15 2

25 3
pT (GeVic)

Ratio Plot

0.8,

0.6

0.4

—&— East/ Inclusive - Average: 0.91

—&— West/Inclusive - Average: 1.14

A _ OO 1 _41\_
MICTIC A

o O ¥ O N L

_¢>‘\I"L)—L)- T Y

25 3
pT (GeVic)

Figure A.20: FVTXS event plane measurement with inverse ¢ weighting and a 20% cut and FVTX
layer 4 of va(pr) with the for the p+Au /5, = 200 GeV (left) and the ratio of the east and west
vy measurements to the inclusive va (right).
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Figure A.21: BBCS event plane measurement with default correction and all BBC rings of va(pr)
with the for the p+Au /5, = 200 GeV (left) and the ratio of the east and west vy measurements

to the inclusive vg (right).
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Figure A.22: BBCS event plane measurement with inverse charge correction and all BBC rings
of va(pr) with the for the p+Au /s,y = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).
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Figure A.23: BBCS event plane measurement with p+p/p+Au ratio correction and all BBC rings
of va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).
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Figure A.24: BBCS event plane measurement with default correction and BBC ring 1 of va(pr)
with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west vy measurements
to the inclusive vy (right).
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Figure A.25: BBCS event plane measurement with inverse charge correction and BBC ring 1 of
va(pr) with the for the p+Au /s,y = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).
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Figure A.26: BBCS event plane measurement with p+p/p+Au ratio correction and BBC ring 1
of va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).
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Figure A.27: BBCS event plane measurement with default correction and BBC ring 2 of va(pr)
with the for the p+Au /5, = 200 GeV (left) and the ratio of the east and west vy measurements

to the inclusive vy (right).
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Figure A.28: BBCS event plane measurement with inverse charge correction and BBC ring 2 of
va(pr) with the for the p+Au /s,y = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).
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Figure A.29: BBCS event plane measurement with p+p/p+Au ratio correction and BBC ring 2
of va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).
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Figure A.30: BBCS event plane measurement with default correction and BBC ring 3 of va(pr)
with the for the p+Au /5, = 200 GeV (left) and the ratio of the east and west vy measurements
to the inclusive vo (right).
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Figure A.31: BBCS event plane measurement with inverse charge correction and BBC ring 3 of
va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).
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Figure A.32: BBCS event plane measurement with p+p/p+Au ratio correction and BBC ring 3
of va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).
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Figure A.33: BBCS event plane measurement with default correction and BBC ring 4 of va(pr)
with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west vy measurements
to the inclusive vy (right).
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Figure A.34: BBCS event plane measurement with inverse charge correction and BBC ring 4 of
va(pr) with the for the p+Au /s,y = 200 GeV (left) and the ratio of the east and west vy

measurements to the inclusive vy (right).
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Figure A.35: BBCS event plane measurement with p+p/p+Au ratio correction and BBC ring 4
of va(pr) with the for the p+Au /s,y = 200 GeV (left) and the ratio of the east and west vy

measurements to the inclusive vy (right).
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Figure A.36: BBCS event plane measurement with default correction and BBC ring 5 of va(pr)
with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west vy measurements
to the inclusive vy (right).

BBC Ring 5 Corrected Ratio Plot

QU7
0.006 i_ S Eastv2 1.6 —6— East/Inclusive - Average: 0.94
[ |© westve [ | —o— West/Inclusive - Average: 1.10
E 141
0.005~ E *f
[ |4 nclusve v2 4} F +
: L)
0.004f #i# o | -<|£—¢- = I
2 + L
s A + : < T
E -+ o8f- *f T

0.002f Py E
- *F
ooty 04f
-i 1 | L I L 1 0.2 L I L 1 1 I I
0 0.5 1 15 2 25 3 : [] 0.5 1 15 2 25 3
pT (GeVic) pT (GeV/c)

Figure A.37: BBCS event plane measurement with inverse charge correction and BBC ring 5 of
va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).
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Figure A.38: BBCS event plane measurement with p+p/p+Au ratio correction and BBC ring 5
of va(pr) with the for the p+Au /s, = 200 GeV (left) and the ratio of the east and west vy
measurements to the inclusive vy (right).



Appendix B

Summary of Acronyms and Terms

QCD - Quantum Chromodynamics
QGP - Quark Gluon Plasma

V/Sy~- Center of mass energy per nucleon
V/s- Center of mass energy

pr- Transverse momentum

p+Au- Proton and Gold collisions
d+Au- Deuteron and Gold collisions
3He+Au- Helium-3 and Gold collisions
Au+Au- Gold and Gold collisions

p+p- Proton and Proton collisions

Raa- Nuclear modification factor

RHIC - Relativistic Heavy Ion Collider
MeV - Megaelectronvolt (energy)

GeV - Gigaelectronvolt (energy)

TeV - Teraelectronvolt (energy)

vy - Elliptic flow

v, - Flow coefficient

SM - Standard Model of particle physics

QFT - Quantum Field Theory

131



QED - Quantum Electrodynamics

fm/c - Femptometer over speed of light (time)

o x~- Nucleon nucleon cross section

Neon- Number of binary collisions

Ncn- Number of charged particles

¢ - Azimuthal angle

1 - Pseudorapidity

V,, - Event Plane angle

€n - Nth order eccentricity

MC-Glauber - Monte Carlo Glauber

SONIC - Super hybrid mOdel simulatioN for relativistic heavy-Ion Collisions
AMPT - A Multi-Phase Transport (model)

PHENIX - Pioneering High Energy Nuclear Interaction Experiment
FVTX - Forward Vertex Tracking Detector

BBC - Beam Beam Counter Detector

CA - Central Arm Detectors

DAQ - Data Acquisition System

PMT - Photomultiplier Tube (BBC)

132



	Physics Overview
	The Standard Model
	Quantum Chromodynamics

	Quark Gluon Plasma
	The QGP Evolution Timeline
	Emergent Properties of the QGP
	Particle Energy Loss
	Collective Flow and Azimuthal Anisotropy



	Collectivity and Flow in QCD Systems
	A Conceptual Understanding of Collectivity and Flow
	Initial Conditions

	Mathematical Introduction to Measuring and Quantifying Flow
	Two-Particle Correlations
	Flow Harmonics
	Cumulants
	Event Plane Formulation

	An Overview of Heavy Ion Collectivity Models
	Initial Condition Models
	Monte-Carlo Glauber
	IP-Glasma
	Comparison between IP-Glasma and MC-Glauber

	Medium Evolution Models
	Hydrodynamic Modeling
	Hybrid Models: SONIC and superSONIC

	AMPT

	A Review of Flow Measurements in Small Collision Systems
	Nearside Ridge in Small Systems
	Mass Ordering in v2
	Multi-Particle Cumulants and Fluctuations
	Measurements Made at RHIC


	Experiment Setup
	RHIC
	PHENIX
	PHENIX Magnet System
	Beam Beam Counter
	Forward Vertex Detector
	Drift Chamber
	Pad Chambers
	Ring Imaging Cherenkov Detector
	PHENIX Data Acquisition System
	Triggering
	Event Builder

	Run 15
	Beam Collision Geometry

	Centrality Determination


	Analysis
	The Building Blocks of the Measurement
	Central Arm Tracks
	Sigmalization of PC Variables

	FVTX Clusters
	BBC PMTs

	The Event Plane Method
	Event Plane Resolution Calculation
	Event Plane Flattening Calibration

	East West v2 Discrepancy
	Correcting for the Effects of Beam Alignment
	Analytic Correction Method
	FVTX Inverse Phi Weighting
	BBC Charge Weighting
	Applying Weighting to v2

	Other Sources of Systematic Uncertainty
	Effect of Event Pile-Up
	Event Plane Detectors
	Track Background
	Effects of Non-Flow

	Systematic Uncertainties Summary

	Results and Discussion
	v2 Measurement
	Non-flow Contribution

	Comparison with Other Species at sNN = 200 GeV 0–5% Centrality
	Comparison with Theory
	Initial Conditions and Eccentricity
	Comparison to Alternative Models


	Summary and Outlook
	 Bibliography
	v2(pT) with Different 2 Weighting
	Summary of Acronyms and Terms


